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CO~PARISON OF MODEL .'AND .FIELD MEASUREMENTS 

iHYDRAULIC LOSSES ZNTHE BOULDER 0UTLET WORKS 

~. P. Wi~Z, R-~Ineer Bureau ~of Rsolama~ion, De~ver,, Colorado 

:SUMMARY 

The t h e o r e t i o a l  s t u d i e s  f o r  t h e  i h y d r a u / i c  d e s i g n  o ' f  t h e  
B o u l d e r  Dam pens~,,-ooks ~and~ox~let .works ~were a i d e d  b y  e l a b o r a t e  
tests on .a '1764-soale hydraulic model, the results o f  ~hioh w~re /:. 
published in Boulder Canyon Project Final Repoz~s, :Paz~ IV, Bul- 
letin 2 e  The :present :memorand~n covers'the hydraulic tests made i 
in .the field.durir~ 1937, 1938., and 1939~, and compares %hose pro- 

~totype : t e s t s  ,wi th  t h o ~ e  made .:o~ t h e  m o d e l .  The t e s t s ~  made o n  
30Q0-foot ,and G-foot  6-inch ~bitumastic-coated steel conduits, 
~ith.maximum-velocities up t o  ~90 .feet per :second (maximum Roy- ' 
nolds number~of :the order of 70,000,000) and with gross heads up i 
,to 1337 feet, are believed to :have a probable accuracy of about ~i 
%we percent for ~the discharges and lO percent for the l o s s , o o e f -  /~i!i!i! I 
fioient for the largest discharge measured. The discharge :coef- 
ficients for the needle valves were found to decrease with in- 
crease in head, the values~0.7?- O.TS based on the gross outlet ~:~ 
area, and on i~he energy ~head as measured at the entrance to the 
• v a l v e  b e i n g  consistent-with values ,,found fr~ the .model, .Like- ~i !~ 
wise the equa~ions ~/ving the dischar, gein:terms .of the .drop in 
,water surface :.fr~ .the .lake to ~the ~intake tower .with.one gate .... ~: 
open ~were :found i n  ~reasonable ~-agreement with the model results -i 
.the values being: 

Q = 6,500 " ~ f o r  the model, ~6,6~:) ~ f o r  the p r o t o t y p e  i;i 
18~9 tests, and 6,750 ~ as determined from stream gagings be- ~i 
"low the dam. ~- 

i 

~Inherent difficulties :in ms~ing :field •~ests of such ma~zi- ~7 
rude, the actual ,physio~l layout ~ith fi~-~ings close ~ogether so ..-~ 
that hydraulic disturbance from one fitting ~affeots :the .flow at -:,~ 
fittings .~mstream, and %he 'lack .of adequate data as .the rate :~ 
at which ener~j is dissipated Toll owing a fitting, make. it impos- ~! 
sible to separa~ ~reliably the gross measured •loss into :its indi- ~ 
vidu~l ~. components, iHoweven, 'within -:the limits, o f ~the ~ests, :such :i~i 
:information as lhas-~been obtained :iudicates ~the probabi~lity ..that 
~Ini~he iproto~ype ~ent ranoe ,  :.bend .and ~branch losses ~e~el dlssi'0ated 
:at i-a .imuoh i:slower ~rate ,.than shown ~ ~the :model.. ,Th~s maY,. be ~due :. 
to ,the g~eater ,absolute foulness iof ~the model compared ,%0 the 
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iprototype, the friction~ooefficient being O.OP~ in ~he , ' o n e  case 
and 0.013~ in ~the second ~(n = 0~0~. The field ~ests show ~e- 
finitely the value of ~model ~estln E in oases where special fit- 
~ings ,make ,an estlma~e of i~Ics~es ~em ,existing ~ta 'u~oertain, ~'~ 
but ~they also seem to indicate tha~more theoretical ~ an~ experi- 
mental !da~a are requlred as i~o ~he ~meohanism ~of energy loss if 
• he quantitative rcsul~ts are to be used to the ~best ~Iva~age. 
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~INTRODUCT I0N 

The outlet .works ~:of the !Boulder Damp of which the ~hydraulic 
~te sting ~:Of ~one unit forms the. s ub~eot of "this report, ~oons:ist of i. 
~four independent ~structurss ~which ~are :looated -iin pairs on .either ., 
's~ide :of .the ~.uanyon, designated as .the upper and :lower .Nevada and 
the ~uppsr ~and ~iower ;Arizona outlet :works. ~(See !plate ~No, l~:) 
Each ~,aomprisss :a ~30-foot ~inside diameter vsrtical intake tower 
situated :fin •rthe ~reservo ir ~Irom ,the ~bottom ~of which ~ a ;30- foOt  :pipe 
leads~:to ~the powerhouse :manifold. ,~Beyond ~the~ manifold the pipe 
~is :reduoed-:to :~25 :~feet inside diameter .changing '.to :another manifold 
from .which ..six ~8-foot ~6~ineh ~pipes/discharge ~through ~balanced 
'~needle"~valvss'~to .the atmosphere. 'The .:original hydraul'ic :design 
:contemplated ~a to%~l :maXimum discharge ~hrough "the ;ent~ire ~works 
i of ~121,.600. c,f~.s .~, ~0,600 c, f.,s. ~.pas sing ~through the ~poWe.rhouse 
units and i91,000 c.~f. s,, .through 24 ~waste valves,. '~The :,m~um 
head anticipated was .~570 :feet and maximum .velocities :approaching 
~100 Tee% :per second were involved. To forecast ithe discharge 
..from :such ~-an ~installation and :to dimension economical:ly ~its 
parts, ~:requires -'the ability to estimate 'accurately :the !hydraulic 
floss coefficients, of :iit~ intake, ~bcnds,~ straight pipe ~and 'v~ives. 
Such forecasting "is ~no~ .:difficult. in :.ordinary :iinstallat~ionsJ 
:~dequate :data ~:are available .for ~estimating Jfriction losses of 
~straight ~ipipe and. ~ithough data ~dealing with ~fittings ~:are .not so 
satisfactory, losses ~caused !by :them ~are usu~Yly Of:minor :impor- 
tance~ compared :with ~.the %oral.. At Bouldsr~ ~ on the contrary, -it 
was estimated :.that ~ entrance, ~bend, .,and 'branch-connection ~losses 
:made-up 35 ~percent .to 1145 :percent of ~tho entire :los&. ~:Few data 
were available ire show :how,.~sueh 'losses might -.vary in il argo pipes 
at ~high .velocities. Even ~-est~mating :straight ::pine ~iosses :invol~ed 
extrapolat ion ~.by the empiric al ,formula ~ o f ihydraul:ic s in -~whioh -%he 
data, are limited %0 iteSts: ion i~- and i.16,foot diameter pipes ~.with 
re!celtics ~of i0 Teet ~per :second, i(Reynolds number of .the ..order 
of 15~j000,000 ) to-~.values five times ~greatcr,, To :reduce .~the on- 
.certainties to the .greatest °extent possible., as~wel:l :as to .idotcr- .i 
mine ~iloss ::coefficients for ~cortain :unusua~l ':fittings, which .it.was 
proposed :to .use, a .number. of ~hYdraulic model -~tests ~were imadel. 

~!Model ~Studies ~:of iPenstocks and .Outlet Works., Bul. i2, Part .IrI, 
'Hydraulic ,Investigations, Boulder Canyon Pr0j e c5 Final :Reports~. 

~Model :tests ..can only ~be iwholly ~sat isfactorily, extraPo!~ed 
~to ~the ~proto~ype~when-~the ~hydrattlic ~laws .which cause the :losses 

.3 



are ~fully known. ~These ;have not yet been developed for entrances, 
bends, and branches. Thus :even after model i~ests, estimates for 
these !items ~are subjeo~ t - o  ~oons~derable uncertainty. 

:For example,, Thema2 ~in 1929 prese~ed ~b~ ranch losses measured~ " 

2Dn. I n g .  ,Thoma, Hydraulic Losses 'in-Pipes: Paper 26 ,  :~Transao - 
i t ions  ~World ~Powor ~Conference, Tokyo .1929, v o l .  2 ,  ~pp~ ~446-72. 

i n  :~.a ~ O:6- inch~pipe l e a d i n g  ~from a 1 . .75- inch .mani fo ld  i~Reynolds 
m~nber ~about~:225,000), :The ~results o f"the BureaU's ~ests ,with a 
model ~similar .~to ~his ibut six times ~,the size ~(R = ~00,000) ~showed 
only six,tenths the loss he found, though a decrease with ir~rease 
in iReynolds ~n~m~ber >was ~neither iudioated fr~ his da~a nor from 
the i Bureau's tests. What the coefficient of loss would be ~for a 
prototype :30~-.times st~l lar~er,, :clearly remained in :doubt. ~t 
was,',resolved, ~therefore, that :when the :field performance ,tests >of 
the :needle ~ives ,were run, as much, additional ~mform~ion ibear- 
:ing~ on ithe ~performam~e of :the. installation as ~a :whole• should -be 
.obtained .as , ~ i ~ h t  ~be ~found convenient. 

-This ' ,paper ; reports  the tests with .inl~rmati~ ,of ,the follow- 
ing ~hydraulic ~featuros: 

'i! 

o f d i s o h a r ~ e  o~ ~intake ~tov~r i n  terms of ~piezometric d~op .from .the 
lake- t o ~ e  .~/inSide o f  '~.the tower~  !(.5) h y d r a u I i c  ~f r io t ion  ; f ac to r s ;  
(6) ~.ooefficients of loss .igor a ~combined .entrance ~bend~2nd.~for a 
~brauch iintake,_ ~ and ~flnally :(7) an~ over-all •.check ~.of ,~he per- 
"formanoe of the ioutlet works ~as compared to the ,results obtained 
'fram ~!~he ~mode!. 

!:The ~.Upper~Aris~naoutle~ ~works was chosen.as ~he-rues% ~suitable 
Iooation~,for ~.makiDg ithe ~;experim~ts. Here no main ,units yet ,were 
operating i aud iby~using,:~heir penstocks as viezo~etric oo~ue~n-- 
o ~..~,ne ~.,m=1.n ~pipe ~aud ~:bY ~wasting :.through ~various .~oombimations .of 

~the canyon-wall ,,~eedle ~valves far~her down,-the ~line, ~ith dls- 
• ,charges ,Up to ~:2Q~000 ~second~feet ~a L satisfaotory :determination 
of the ~hydrattlic grade ~line ~cnuld ~be made ifrom which fi~tin~ 
losses could be ~segregated . Three groUPS of tests were made: 
~.~hose of~1937_,19S8, and o1939j the first havin~ e/ready been ~-pro- 



,visionally i:reporte~.~ S '.The 1957 tests :included ~cQmplet¢.pit0t 

~'M~morand~n to-Chief Engineer~, .'John iParmakiam, ~May ~l, 19SZ~" 
Bureau ~.of Reclsmation. ~ : 

traverses for .20 d~fferent ,valve ~settin~s. of a .single 84-.~lu~h 
.waste valve with:a ...s~atio ~ihead '~of 21~ fee%3 .the 19S 8 test s iin- 
olude~ a~-pl%~ traverse .:for "the ~fully Opened-.valve,. plus n~nerous 
piez~etrio i~pro~es, ~usimg :various~oombimati~nm o f  .the valves 
~:dis~harglng ~f~lly ~:open: .The Static ~head was ~281 .feet; and ~the . 
"~%ests ~of .1939.~ ~most accurate <of:~al'!, 'usi~-:improved egui~ment ,and 
-~eohni~ue, ~i~eluded.:a ~inal pitot traverse .at ~a ~.gross ihead ~of SS~ 
:fee~ ~and :su~, plied ~various ~data ~missin g in the .:earl:ier experime.nts. 

lu-.~his:mmmoraudt~n ~the _three se~s .of .~ests :are trea~ed:as a 
single .-series ,~and ~are ..presented,as ~a :unit. iFi~..st is give:~-.~he 
.experim~t~ii~iayoUt ~nd~:the.oal~bration-of the .~imst~u~en%s; inext,, 
~%he. i~ield ~prooedufe~ am~ : stmm~r~es of: ~the ..!field measur.ememts| .then i 
• he discharge ..o~mpu~ations "followed ~bY-,the ,loss coefficients; 
next • .a o~nparison,o f .ithe :~results ,with .the m~del ~ests,# ~an~, .~i- 
-~lly., ~the .:,discussion and ,~oonOlusions., 

'~The field .work.ofithe ~937 and 1938 ~.%ests was :direO~ed ~by 
John  :'P~ki~ ~d .tl"t-~t ..Of ~!1939 by N,..G, Noonan. Espeo~l .~ppre- 
clarion .is due .~o~.R~ E~ !~Kenued~ who made the lengthy comp uta~;- 
~io~s an@,who.~was ~irin~ in~traoing _down .e~rors m~d ,da~isin~ 
means .of ~oonsoli:da~i.n~.:~he :data i~%o easily appreciated form. 'The 
,model .,was -itested:.t~n~er ~the~ direction of Jacob 'E..~Varnook. -All .de- 
;.sign .-and resea~Chl,WO~k ..'.is ,.carried ,:.on ~under -'the ~,direotion.~of J~, !L~ 
Savage, Chief !Deslgnimg :~Ez~ineer of .the ~Bureau of Reo.lsmationA 
All engineering .~ and~o onstruc~ion~.work ~was ~under .,,the direction ..of 
.the :late Chief:~Eng~eer~, ~R~ ~F.. ~iter~, and ~:all activities of 'the 
Bureau ~are under ~he ~g~aere~l ~oharge of Jah~ C.. ~Pa~s, ~Oommissioner, 
-with ~headqua~ers .at ~Weshin~on, ~D., C. 

;EXPEI~KMEI~A~ ~!LAYOU~ 

:m~s ,water horizont~Zly iby :means of -radial-:por~s con~ro1~led "by ~he 
- -~er ..oylindrioal ~te~; -.the ~water than -turns :~ud fldws -ve~ioelly 
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dowaw~d a distance of 5.2 D~ ~., enters a 90-de~reS ve~.~'.ov ~=~ 
(R/~ = 2- l /S) ,  ~turns ,~er ~;&,~thirda d~i~aet~ of- t ~ n t  t ~ o $  
~i _40.degree hori zon%al ~ bend !'~ (l~D ~= ~ 4), !a total ~ distance of 7.~i D, 
~nem passes  thz-ough. 10,~ D 0f~/~traight ~SO-foot .inside diameter  . 
s t e e l  welded p i p e  ~o the  f i r s t  of ~he four  1S-foot .  75-degree p e n -  
stoo~ off%.akes, to  ~e powerhouse, spaoed About 5 D apar t . .  ..One and 
on e - n ~ r ,  diameters from the  l a s t  of  ~_these, t h e  main penstock i s  
f e l u c c a  ~co~ 28 f e e t  in  diame~er~ ~. t h e  r educe r  l e a d i n g  ~hro~gh 7~6 D 
o.f straight Pipe to amsmifold fz~z ~i~h. at auangle of 60 °.  " 
~xx 8-foot  S-inch branches 2~ D lo (pipe i n t e r s e c t i o n  to  va lve  n~ 
face = 188 feet)discharge ~ bymeans of a reducer through 84-inah 

v Z s, p er ou T op ati  at 
• ne ~ime of the tests so:that their iudividual-pen~tocksl oouid.be 
~aS p~ezc~e%rlc O0=ec~iO~Sr tO ~e! ~ pipe. i ~I' In a simplex" 

r,~, by  d i s c h a r g i n g  t ~ o u ~ h  waste v ~ l v e  V-A2~ ins tead o f  WA1,  
V-'At penstock oo~Id be used to obtain the piez~metTio grade ~in 
t~e ~nlfoldi 21ate 2 ind~oates the. elaborate system of over a 
mile of p~plmg and 50 valves as installed for the 19S8 tests so 
that differenti~l measurements by merm~y manometers could be 
~ e ~ .  between ~h_e intake tower, powerhouse,, mad valve house, 

zrrerence of~00- feet  in elevation.~ In addition to the differ- 
;mti~l m~meters, n~erou s calibrated Boron ga~,ss v~re used ,: 
or obt~iuiz~ total pressures. The gaging station: for the pitot 

%z~verses by which ~e discharge Was meaSUredwas Just~st~eam ~i' 
of V-AI ~alve in the 1937 and 19S8 tests and:in a similar ~osi- 
tion on V-A4 for the 19SO,test,. Both V-AI and V-A6 were eqt~pped/ 

::~i%h~!a set of plezcmeter rin~s 125 feet a~art/for measuring the 
frietionIosses with ~adividuai oo~aeotions to each separate 
~ e z a m ~ . o  openzng sr~ %hat pofu~ts could b e  read s epa ra t e ly ,  The 
~ 0 ~  r ~" O f  ~h" ~ t e r  stwfaee, within the tower in take ,  was r e ~ t  by d i -  
re~ measur~mem~ by a steel tape from a bem~h mark, !:~ 

• ~ii:i 

~:!L!, 
,J 

II~T~FME~2S AND THEIR CALIBRATION 

Pitot tubes. The discharge measurem~ts for dete~Iz~ %~e 
efficiency "0f" t~e turbines made ~ entirely apar~ from the~ prese~zt 
tests were obtained by the Gibson method (tests Of O~tober 12.~/ 
19S7 on N-S by Norman R. Gibson). It was ~desirable, in the cause 

~ocz~y mlstribut~on in the 96-inch approach comduit~:~0 the 
needle valves. For ~this 
tube was designed five-e 
(plate ~ 2), ~eloeities 

~iderable turbulence, were enticipated. To withstand the fO~es 
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~invdlved, <a i~pair .of ..streamline struts ;:B ,8 ~..~Inches th:iok at-~their 
midse orion and'. s et, at .risht. angle s ~to ;one another ..were ihdl%ed.~!in- 
~to i%he conduit,, ~' just apstream ~om :the needle .~Ive '_wilsh.~he:i~ 
~eenters .suppor±ed .-on .'its .:point. In ~he ~le~ ~:ed~es of ~these 
~stz~s a i~gr~ove~',~sout ~ i n w h i o h  ~he~!~pi tot  t u b e s , : Z o d e ~ a s  i~they 
i t~aversed ~ h e  ~s eot ion~ 

:A o o ~ m e r o i s ~ l  rep:ILioa ~of  ~he  p i t o t - s t a t i e  . t u b e s  .used ~•tn ..the 
~ f i e l d  ~was ~ o e ~ i b r a ~ e d  ~wi th  t h e  s~eEb~l l i I le  i~cr~Ab •at-b~ohed . i n  '~ :v3OO- 
foot . ,  .stra~iShtl, is%ill;water : , r a t ~  ;ohannel >6 :fee~ ;mi.de, ~ . : fee~ 
deep/at '  ; ~ e  ~hydraul'io ii~abOratory ~o~:~the : C d l o r a d o  : ~ r x o u t ~ u r a I  ,- 

E x p e r i m e n t  ~.S.tation ~ r i o r  %o:;the ' t e s t s  ~Of .~937 ~and agaln ~in 1938. 
• The i~c~libra%ion:<was-m~ide ~by :mount~ the .~tubeon :~a .oar ~riven :by 
an '.~duction..:mo~on. !The <travel <of the ~o~r, aimul%aneously :with. 
t h e  .time., ",was e l e o ~ o a ~ l y  : r e c o r d e d  o n  a : ~ a p e . - A  ~man:~!riding on 
~the .:oar >recorded  ::one <to ~six r e a d / n ~ s  o f  :a : d i f f e r e n t i a l  , w a t e r  
m a n ~ e t e r  ~oonneo.~ed < ~ o r o s s  ~the - impact  ~and s t a t i c  ~ legs  ,,of-(~he t u b e  
du~in .g -~he  m i d h u n d r e d  f e e t  io.f ' the  o a r  ~ r a v e l  & ~ A n / i n v e s t : i ~ a t i o n  
of ithe ~ a o o m ' a o y  i:~of ~his :method :of ~ ' a t ~  showed .~hat -~hile ..the 
~ime was ~aooura%e "~tO ~.one-ten%h .of ;:one ~peroent~, >the :,taste : o f  ~ r a ~ e l  
.of : t h e  -..oar ~ i e d ~ b y  :about  . . ~  and ~onemh~if i p e r o e n t  ~on aocouc~b .of ~ 
~ h e  "va~ ng ~:pull ~of ~'~.the ~:po~r ~oable ~dragcing ~behimd ~he .oar,. /6~ ( 
S ~ o e  ~tl'te ~ exac~ !~time ~at~which ma~ameter readings ~e~e :teken;,was ]j i 
not ~:reeorded, ~the .~pos sib£1ity :of "~he ~ ~er~or. of a~bout~ ;one . ~" ~{ 
end _one~four~h ~percen% ,exists .:~in ~the ~tube .ooeff~c~en~ ~as :~ob~a~ued ~ / r  
frc~ ~a ~sin~le . ~ r ~ .  Analysis of ',~he :o.omputed ~:resul~s ..D~:m'. several ~--:I~" ": 
runs :!:indicates :.a ~probable :precision ,.of ~about :.0.~ i:pe~oent . i n  :,~he • ~,~ .~" 

. . . . . . .  ~ ' . " ~ ' - V/ / , 7  ~ mean ;ooet i~ .oients as ~detormine~ .from a ~.s~@le :sez ios ,c)~f : r uns  ~a~ - - ; ~  

"L: " :  " " ' : (  • 

' : . v ~ .  " n ~ - , v e l o c i t i e s ,  : a n d - o f  :aboat  ~0,-~8 ~peroent  ~tn ~the o o ~ e f f i c i e n ~ s  
~ s  , . o b ~ n e d  ~b,y ~ d i f f e r e N  o b s e z ~ . e r s  , on ,  dlff~ergnt, . d a y f l  .. , " .  

2~:~•: 
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C ,  N.  ,Ze~gem. . . ~ t ~ e e m  'Lines  . ~ t ~ o u ~ h - B o u l d e r  Dam N e e d l e  Va l~ '~s ,  't' 

-aecond,  :i%i~wa8 .~ra~ed ~ o ~  °~wall ef£eo%, <%h~t i S ,  .'~o d e t e r m i n e  :~he 
~:~hange :~n .ooe~fic'ie~s :as ~%he itUbe neare~ .%he ~II; and ~rd~ a 

~un~n--.In~n :~;a%mc ~Op~s ~I ,th~.ee ~rin~s ~wi~h ~our openings per " ~' 
rin~, :as 'C~ared :~o :~h~eem~e..with:%wo~oper~s.~eaoh ina ,,piece 

• nou~n %~e '%ube ~:as :Use8 Tin ~ h e  f~eld,. :bo~h 'in'1937 .'~n8 -1938~ '.~d 
r%he :%h~ee :'se~s:~:ofi:.four ~holeao " , .... , ...... 

" • ' " ' :.7. ~: 

. The~eaults of ~the :~%in~-,&es%s are shown on pl~te 2~:~i~The 
~ests '~•i~a~ed ,%hat '%he:added s%a%'ic :~hol.es :~c~eas~i %he~ooeif~i. . 
<cien%:.~f~O~918 ito ,~0~:933= 'Th~s oonelusio ...... ~- " '" -~-- .... 

• , . n~t :.wm%n :o onside~%ion,~ ,..~.o ~.he i .aocuracy ~of %he: %e~is~ 
is sm~l, ch~m~e Yin .%h¢~: -oo- 
'o~he .ef~eo% <on.~e,ooei~i- 

clen% :as 'the -~tube ~ne~ed <%he w~Zi'~, ihowe.ver~ pronounoe~, In ~/ :.. 
:~.he i p . r o t o ~ e  :a-, i_ !byi::lo.-:by ~'lO-:inoh :plate ,was ~egulred t o  f a s t e n  
~ne ~ s % r e a m l ~ e  st~u~ :.%o :%he:!p!pe ,.wall. ~ h e  :ups%re& edge .:of ~the .: :i'i 
iPlate ,being ~abou~.:,3 inches do~s%r~n.~r~m the s~atio .:openlm~s Of 

~:. ~ :~naa~ec ~=~-V/io .~d :~7-13/16 inches ?~rom ..the:,we~.l a. "l~aGh e .pi~O~! 00. 
efficler~s 'were  0.878 .and i,0. '922, :res~.ctive.l~. ,~s .compa'~ed :.%0 ~,a 
-,value of ~0.~83S J~.::ia i looat ion: :~ . ree !from :dis%~banoe. ~ Zt-iis .es%i- 
ma~ed ::the ~.co~..z~spondiz~"i~lues T a r  ~.the :pr~ototyp.e w i ~ . I  b e  .0=895 
~and:OTi925..on:.!aooom~t ~.o~.~he ~ ',,v~l..ue :of jtihe :~elooity ~radi~t 

• " - ~ e a  'OF u~u~ as -an ~ o  ...... " " " ............. ... -, •• • • . - . ~ , .wanoe ~or -,the elight~! ou~v~d s~ream .::~:.i.i~ 

a ~tes.t ~£or~i~he ,:o ~lste~xOy .:o £ the -~ tube  c o e I ~ i c i e n t  was made ~by.. 

,or: ~o'OU~Se,, tthe "ooefTtoten% i.tse~f , ~  :,a~ feted.. . .... , 

~8 

• . -~k 

k - 

k.~ .::':~il, ...... i ~ :~:" ~ 
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.Au ~i~pact-s~atic t ~ e  :is an : i n s ~ e n t  d e s i ~ e ~  t'c measure 
t h e  , d i f f e r e n c e  ~between :the ~;ot~l ,ienerEy .and the pressuce a t  a " 
~ v e n  p o i n t  ,:~n:~he ~oross s e c t i o n  ~of :~a c o n d u i t ,  The impact  l e g ~  
:as :is well ~known, .measures ~ith :neE~giblre e1~or ~he ~total energy. 
':One,he o~he~ :hemaL, ~;he s ta t ' ic  opening, instead o f r e o o r d ~  the 
!.pressure as 'it :exists-in.:the :stream prior to .the :introduction of 
t h e  i n s ~ m e n ~ ,  ~reoord's , -~:~t~essure  i n  ~hose  p a r t i c u l a r  , f i l a m e n t s  
p a s s i n g  :~h e ~openings : ~ . i ~ e r e d  iby t h e  i n t r o d u c t i o n  .of the  ins~-u- 

:e~ '~  !,wa~ter: ~Ohannel.~,. i~hat .~s o h ~ d .  ~S ~o£ a coef f ic ien t ,  which 
~applied::~ 0.! %he , : : i m p ~ - s ~ a t ~ o  ,:~ead~ng ',will g . i ~  "the v e l o c i t y  ~n . " 
~ t h e . . ~ ~ t e  :~vic~%~ -of :~h e ~!~ube, but: ia  c o e f f i c i e n t  ,wh ich  r e -  
.:presents ~he ~mean : ~ b ~ o c ~ y  :o~!;i~he s e c t i o n . .  The ratio v ~ i c h ,  the 
ve~o-c~::i~l~he :.fi lam~t p ~ s s ~  the iu~aOt .openin~ bears %0-this 

~he p ~ t o t  ~ u ~  and"-i~s.:suppor~s :and o n ~ h e  p e r c e n t a g e  ,obs~-uc t ton  
:~hiOh ~hey  ~:o~fer i n  r e s p e c t  t o  ~he t o t a l ~ o r o s s  s e c t i o n .  

The .!s~reamline-. !used t o  suppor~ t h e  tube  i n ~ h e  8-foo~, 
disme~er.i!p~pe:a~.:~0~der i;~ctuall~..occupied 6 - 2 ~  :pe~oen~ Of the 

~-::--~:~,~s :~c~oss~;~Se~ion~as competed ~vith %~o 'ipercent -which e x i s t e d  
in,he ~rat~ ohanuel.~ .A.:tmn~-d~mens~o~al ~nvestigation ~y the 
electric ~an¢lo~ method 5/~.or ~/~e effect ~of varying . p e r o e n ~ e s  

• : (_ 

. . .  

:~emorandmn ,~, E ,  Soeh~enS .- ~ i t o t  tube  - c a l i b r a t i o n  f o r : B o u l d s r  
~Dam,.~ou~let works,. JApril 5, :1940, 

of ..obstruction on .the ,:coefficient iindicated (plate 2) the need :of /"ii~"i~ 
inor.easing thecoefficlent ::by a .mean amount ~of :two ~peroen$ .'for : ! 
use ~n-the field0 :~Th~s '/~ncrease .was :applied .as a .variable col 
~rec~ion:at each .g~giu~ .station ~i(~able~i~l .an~: !plate 2) ass~ninE the 
wa~er t o  ~f~ow :,in alm~lar  :~rin~s .in,~o~Oh~,~ ~ich the..~l~r~s Of Tered 
-a ~.d~fferen~ ::pe~oerntago ~. obstruction, 

. T h e - , p r e l ~ a r y  1937 r e p o ~  i.used :a :constant .coe~fici,e~t of 
:Cp = ~0.-92 ~:~to ~all readLngs. The .,comparable coef£icient f~cm ~he 
pre~en~ -~S~udy makln.~ :~I,I :.the connections and includin~ .the effect :' 
of .%he-~.str~u.s.is ".C..~ =~0.o95, :Th~s ~-applies ~t-o ,the. formula 

"Q =- --w-- ~ 

. • • . ,  . ' 

/~ ::~/~~i -: ~i':~i~/~: " :,~:--~ :~i -, . . . .  : ~.. ..... 
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A = gross ;area of section,-Cp = velocity coefficient, and ~ 

H = ~mean ~of the Impact~static read'ings"~.(~O in all') taken at the 
canters of five equal concentric areas in two traverses atright 
,angles tc one amother across the pipe~, 

It is ~belie~ed~ in spite of uncertainties involved inl deter~ 
mining a pitot tube coefficient from ;~a ,rating in a still-water 
channel at velocities limited to 15 fleet per ~soeond for applica- 
~ion in tu~.bulent ~ater at ih±gh velocity, at a location where non- 
parallel flow ,exists ~and With struts .in the pipe to support ~he 
tube, the maximmn range of error in the rating is not likely to 
exceed plus or minus ~one ~and one.half percent with a probable 
error ~of perhaps one.ha'If of one percent,. Certain data confirm- 
ing this estimate will be ,given later~. 

Pros sure-reoordin~ instr~uents. C al ibrat ion, and corrections. 
The ~yd#aulic measurements ,at Boulder involved differential •heads 
up to i00 feet of water and total heads ~of the order of 350 feet. 
Although it ~ould i~have been desirable to have had special experi- 
mental instruments for the moasurauonts, it was decided to make 
use of.the o.mmuorcial ,Bourbon-type ~p.rossuro gago.s bought im comnoo- 
tio~"wi~h ..the ~operatim~ ..equipm~t,/.These ha~ 6-~uoh d.iais~ either 
graduated~in 5-foot ~units ~ t o '  ,500 !~'eet of water or~he equiva- 
lent ~in pounds with divisions about ~3/16 of an inch apart. Reed- 
ings .were interpolated to the nearest •foot. 

The gages-were calibrated ~prior to the tests in a dead,weight 
tester using water at 94o F~. One.pound weights were added ~antil 
the ga~es read ~at even divisions~. Due to lost motion in the in- 
strmnents :the ~calibration with increasing loads as ,compared to 
decreasing loads differed by as much as three feot~ The correc- 
tions were ~ot constant ~over the range of the gage, varying up to 
20 feet ,but were sensibly constant ~/or the range ,of field measure- 
cents. Analysis ~of the errors of t!hc corrected field readings ~- 
dicates a !probable precision of about 0~8 foot for a single read 
in~. ~ho range of ~error being ~ 3.5 footj The extent to which 
this error was reduced ~by repeated iobservation and ~by the plot of 
graphs is ~taken Up in .the detailed ~diseussion of the re sults~o The 
I;~38 tests, in ,addition to the Bourbon gages, made use of differ- 
ential mero ury;manom~ers .capable o,f reading up to 120 feet of 
~water~ These could ~e interpolated to 0~i inch of mercury (rough- 
ly Oj~l foot of v~ter) v~ith a ipr~obable error of about this amount. 

The gages were ,connected to the lower ends of the individual 
penstocks ~himh served the ~turbines and needle valves, and which 
took Qff at an average angle of 650 from the manifold. The fur- 

i0 



;,:.:~/ 
ibines and valves ~:were 'not -operated ~at the "t~imes ~:readlngs,,of the 
gages were made .  S i ~ e e n  ~runs f~om t h e  mode1* ~showed t h a t  t h e  

=Th~s mode l  ~ d  ~,not ,have ~ t h e  two v e r t i c a l  ~12-~moh d ~ n e ~ e r  t i e s  
u s e d  f o r  : s t r u c t u r a l  ~ e a s o n s  ; in <the ~pro~o~pe~  ~t  i s  b e l i e v e d  
t h e s e  would,no% h ~ v e : e f f e o t e d  ~he p r e s s u r e  r e g i s t r a t i o n  o f  t h e  
~gages. 

pressures ~registered ~at the ,end ~of ~he'-pens~oeks ~aet~n~-as ~p~ezom- 
- eters resulted in ~he ga~es ~e~d.i~ O~O~hw ~n exoes s of the :mean 

pressure ,~a~ ithe Junction as detern~4~ ed ~ro~ piez~neters on each 
~s~idee Corrections of t~is amount ~were applied to the penstock 
.res~J~l~s~ 

FIELD ~IPROGEDUHE .AND ,SUMMARIZED :FIELD ~ASU~EMENTS 

<General° The field measurements ~were made under~handleaps 
of 1 ~ e ,  wide~.ly ~separated ~observation ipoints. ~and non- 
technical ,observera, ~he lazier r O ~ S ~  ~ ~0 f ,~ ~n r~ ~ n  ~f~ 

~ e.maintenanee crew ~-of :the .power ;statione .~Ithoush ,de%I/led 
• s~ ~progrmns .,were ~,set ,~.up~ valves:~ere ~labeled, :and telephone 
~cmnunlcatlons ~were:Inste/led, r It ~.w~s ~ossibie for .~the i~m.~ 
near in charge ~o -personally'make sure instrU~t$ons ~w~re iexact~r 
,carried oL~ ~and, as ~ai~result, in t he .field~reoords ' there ,appear 
~o ibe.missing ~-entrleaj ~ reversed manometer ~,re~a4~ o~^_, i .m~ ~ _  
tl~t~ e x c e p t  -~or ,the ~957  ~S~S.~-~it  ,~was n e o e s s a ~  ~- t o  :keep~iu io~er-  
a t i o n  ~a ,mna~ ~ -turJ0o-~enerat.or ~di~er~in~-.~hrou~h ~ e n s t o o k  P-~8,,  up 
.~o ~800 ~seoond-£ee~ ~,of ~ater~ i n t r o d u o e d  a .~va~abl-e; ~ a ~ O h , ~ l e  

:~not ~iz~o~ban~ i n  ~ h e  ~ n a l  ~aoou~ao~ ~of ~he ; r e s ~ l t s ~  .made i~ d i ~ -  ~- 
.~f~cul.t ~ o o h e e k  .-rea~ings . in  ~,.~he ~fie"3d i ~  o o m p . l t e a ~ e d o  • o o m p u ~ -  
~ i o n s  i n  ~ h e  ~:o~fioe~ : T h i s  .qmm~i~y. .of  .wa~er , equal led  ~25 t o  '2 
~peroen~ ~.of .~he- .~ater  ~ b e ~  ,measured~ : d e p e n ~ e ~  ~upon ~ h e  ~n~nber " 
:of ' ~ v e s  ' in  ~operat ion.  

, ~  .~,  - 

~i~Indiv~dual ~es% ~runs-.~ere ~oonducted . in ~he ~.oltowin~ :manner:: 
~'Fir~:-:~he ~ e q u i ~ e d  ~nmnber -of :8~-inoh needle ~alves-~as. , opened  

.p ~oent  . reading .  ',.TD~s open~n~ ooutd:~be ~-o.on~rolled ,~o;.wt~hin 
a b o u t  ~onew~h~lf o f  one ~peroent. / A ~ e r  :a w a ~ t  ,Of ifive ~miuutes ~for 
• he ~f~low '~o :become ~ e a d ~ ,  .~elephoned:~$ns~ruet~ons were: ~ v e n  t o  
the  ~ i o u s  . . e o s e r ~ a ~ o n  ~poin~s f o r  ~rea~in~.s :~o !be . take~.  J ~Ner~.~. 
!piezcmetr~e ~ i n e s  .~wer.e :ble~ ~to , e l i m i n a t e  a i r  and t o  e n l i v e n  ~he 

1,1 
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i ! m  ° 

~gs~ea, ~then ~ithe ~meroury~manc~eters were  s u c c e s s i v e l y  iplaoed i n  
O i r o u i t  wAth t h e  ~desired ~ d i f f e r e n ~ i a l  ipoints  ~of ~meas~ement : ~  

( s e e  p l a t e  ii~1)!by open in~  :~he p~we~-house :manmn~er ~bst-ween I P - ~ I  ~ 
and  iP=~,. ~the ~loss ~ !,head ~in ~0~5 ~D ~of ~3O-foot,~pipe ~ a s  ~0b~ained~ 
~by p l a o i n ~  i t  :bet~een:~/~A6 aud:Y-A1 w i t h  ~-A~ ~d~so~rg in~ ,  :the 
l o s s  a n r o s s  ~%he :30 b y  ;25 reduoer  ~eould ~be ~ead~/~:Fluotu~t$ons ~of 
4 ~or .~5 ~iinohes/in ,~he ~me~ou=~ o01~mus -~were ~dampened ~by ~par~'~ally 
o~osing!~he if l i n e  ~ l v e s .  ~.f~er t he  ;menmse~er ~ e ~ g s ,  t h e  ilsta%ic 

~Bour~don ~gai~es :were ~.;I;ikewise ~ eozmee~;ed !to ~the a p p r e p ~ a t e  ' p 0 i n t a .  
re~i~: iand ,~he ~rea~s ~ohe0ked ',iby ano~her ~observer.  

The t 9 ~ 7  ~Tests 

(Apr£1 .~19~7; oreser~i iT :~ e l e v a t i o n  10~3! l ower  8ate  
; in teke  itower ~.open;l no  . u n i t s  .:operat~in~; ,water 
~temperature 55 E ,  ~ ,  :gag:rag :on V-A1.;) 

~Purpose~, The ;1937 tests were arranged for the fol~owinE ~pur- 
poses: 

~(i) :To~.ob~inby~oomplete  p i t o t  t r aver . ses~  f o r  ~eaoh .5-penoen~ :~ 
va lve  :Openiz~, ..~.e ~.oc~plete .:disohar~e per formanoe ~,of ~the iS.~in0h ., 
v~lve on ~AI .oondUi~! ~Simultaneously ,with ~these :~read~u~s ,~were 
, measured ~,:the ~ipiezc~etrio ~:drops :~between ,two piezome~r~e ~r~s~s 
.plaeed:,1125 :feet ;apax~ ~:on ~the same ._conduits. to Obtain ~a ,~permanen~- . .~. 
ly e~librated meas u~in~, section, 

,(2) '.~To o b t a i n ~ t h e  .Ipiezc~etrio d r o p  :between ~,two~piezc~etric 
~ in~s  ~25 ~feet  ~apar~ o n  ,the ~V-A6 o o n d u i t  a t  -~varyin ~ ~.valve ~open- 
~in~s| a ,~ec~pari-son ~of ,,~his ~drop ~,with-~that .of ~.Al"~Was ~expe0ted 
ito ~rate ,~valve ~';~V-A6., 

i(3) .To ,. o t a~n  .;the ~t.ot~l ~discharge : fo r  t h e  ~entire ..eanyon-v~l~ 
.:outlet ";works ~,for ,~ -combination i o f  -the ~slx valves ~:by~ obser~.~ 
the ;Simultaneous ~piezcme~rie d r o p s  ~of V-A1 , ~ d l ~ . V ~ A ~  and . , i~n-  
those  ~ i n t e r p o l a t i n g  ...the dis .eba~ge of  .'the ~intermediate  .~valvea. 

The .original :da ta  .:of t h e  tests .;are ~given :~In "Report ~of Tests 
on ;Ari.zana Canyon :Outlet ~iWorks ~by ~John !Pax~an, ~-May ilj ~.~1937" 
~end ~a ;smmmar~ J ~In~which .;the ~origin~l:r.e&dings ~are ~oonve~ted into 
~elevations ~n/fee~/is igiven !in ~tables ~:3., ~4, :and ~. The =obsetwa- 
~}tions !~e "dead, wei~ht-oor~;eoted." ~=the ~;oorreotions ),having ?been 
' app11ed ~:.at'Lt.he ~ime;of .~.tak~ ~the :.observations ,~f~om ia ~:~able iof . 
~erro~s:~ob~alned from ~che dead-wei~ht~=gage cal~Ibrations, ~It-ivri~ll 
~be ~noted ~that ~he ~elevations ~for ~zero ,flow ~do :not ~ooinclde ~wi~h 



%he lake ~ e l e v ~ o n s .  !,Fr~n';%he.,!.graphm:,~i%.~;is es'l;im~ted ~%he.'t; ;;0,~5 " 
f o o t  ~ sm~d ~71~0 ;~oo%-'mus% !be ~added ;to" !~he':pt%o% ~am~t ;p~ezmne~rio -ge~e 
elevations, ~espeo~lwely,: ~.to ,::6b%alu ~%rue ~values, iBo~h !fidld~read- 

~'ooeurred '8inoe~, ~for .~exemple ,  ~m~der ~zero:T$ow ' e o ~ i t i o n a ,  ~.bo~: . ~- 

~:.pa'es su~ !:~aEes ~,were ~ conneo~ed  -%~o ~rea~d~%lw ~hnp~ot ~end ~ressure 
- I  • , . . . . . . .  ;& ' " 

~open.~z~s ,,;of ~,~he ipi%o% : tube  ~and ~%he same;:applies .~o ..the " 'two ~P~erZC~" 
e~er~.rings i~pla~ed ; ~or ~ . d e t e r ~  %he ,~drop . - i n  , : the ~ o o n d u i t .  .... Sinoe 

~ f o r ~ t h e - ! f u l l y ~ o p e n e d  ~ l v e i ~ h e m e a n : ! i m p a e t , . ~ a t i c  ~ d ~ f e r e n o e ; ! i n  
pounds.,.!.and.~7~5 ~pounds ~for ~,~h :second, ~a 
i n g l e ; ~ . r e a ~  ;wo~d .! ~olve~:cc~espondin~ 

~rhl~.L~8,aGe :~he ; e r r o r s  ,~ wo~ld b e  ~approxim~tely.%-wioe '~%hese ~ l u e s .  

Mul~ ipIe  ; r e a d i n g s  o r d i n a ~ i ! y  i tend ~%o i n o r e a s e  ~the ~aeeuraoy !bu~ ~ • 
iin~'%he ~oase ::of ;%he :.~iezcmeter :~nin~s ~ e'Ten ~"T~houF, h ~,the ::four.:~eom~o- 
i%ions ~ were ~re~d ~! s epara%ely, .with i.~ga~es~ee~ibrat ed :,%0 ~read the 
same., ~-errors :less ~ t ~  !half a .~potmd..;:are ~apt ~,to :remain, ~Heasure- 

.; m e n t s i ~ b e l o w ~ h a l f - ~ a t e  , ~h,  e r e f o r e ,  ~may ~be : e o n s i d e r a b l y  ! in ~:e~..~, 

~verses .~aoross  ~ e . ~ . p i p ~ ,  ~ each  i n ~ o l ~ e d  ~.~20 -~.varying ~;.impa0~S~a~io 
d i t T e r ~ n c e s  ~:~o ~ h a t  ~i.$he -error  ~iiu.~.~the ~meen ~ e l o c i % y  ~should  ~be~ o n l y  

~ofi.~he ~order :: of ~ o n e - ~ e r  -~ Of i~hat  ~ob~ained :frmu a ~-.si~le : r e a d -  

:The ~19~8 ~!iTes~s 

• ~ ~-a~e ~of ~in~ake ~ o w e r  ~!open| ~ ~ a ~ i o n  : u n i t s  
~_uain~ ~ 0 - 8 0 0  ~seo~d-.~fee~! , ~ , w a t e r ~ p e a ~ u r e  

-~ -P~_ .oee ,  ~ l ~ e l ~ ~ . o o m p U ~ i o n  ~ f ~ u  : the ~1937 'data Indi- 

; .pta~uable =.d~s~ribu~ion ~ . b f ~ e l o o i ~  :~u ~he  : saged  ~:se~%~m.' ~It ,w~s " 
~ e e £ d e d ,  ~ e r e f o r e ,  ~%ha~ ~ h e  .~ i938 .~es~s  ~should  ~be i ~ r e h e n s i v e  
;and ~ineludei%he :~f,otlowing: • 

::~1) .~:A:~oamPle~e :!gaging ;.of~:penstook'~V~Al ~with !~he-.valve :'f~lly - • 
/op,e~j:for ~-:c~mpa~son with -!.%he !18~7 i-gagin~s. 
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-~(2) ~Ccmplete , d e t e r m i n a t i o n s  c f • , the  ,b~lraUlxc ~graee ~.line .£rom :'. 
' t h e  -' ' " ~ " " ,l~kke ~%c the ~ u p s ~ s m . f a o e  ,,o~ ,the ° ~ l v e s  :~for ~ r ~ o u s ~ : c ~ n b i ~ a  - . .. 

" ~ e  !:,.va~ous .,~.ves t o ~ b e  i'~eter~Lue~ iby i c~l~mlsm.of itbe : : r e l a t i ve  
~pressures :~ert'E~a~g ~ at ~eaoh .~ve. . , ..... :i! 

.:;The equil~ :~amR1::rat~g ,;c£.~'.%he iapp ara~s :,:for :;these :isls.'have , 
a l r e a d y  i !been, :deser ibe~.  '~Wi~h ~nmnerous~direot  : , readin~s ;..Of Bcu rdon  :i~ 
;gages tc ~-cheok ~%he ~,d . . ~ f e r e n t i a l  , ' , ~ m e t e r  ~:re~a~i~s~:i:~.t~,~s , exesc-  
~ted ~%ha~:;~he~:%e~ts :would ~,be. ~ec~ate :ar~ ~c-(m~91ete~ ~,-; ~ :~e ".tests ~ex- ° 

.@b 

i~he,~nine ;men, enE~ge d .,~so/.that :ilt ~ s  ~ o s s i b l  e "~c :~ake -iOcnpUta- 

:i~he iiDenver ~ o f f i ce~th~t  ~i~ ~beceme ~ob~rtcus ~,that ;-some ~:Ofi~he equip-  
;merit :.had ~ a i l e d  -!to ~ f~v~t icn  : end ~tha t ,  i n  many.~cases., ~:the ,:data 
-,.wsre.~inoc~plete~,, i:By ~ p l c ~ i n g  ~snd ~crcss  ~oheckfug, ~iit ihas ! p r o u d  . :~ 

~:ii~i~ ,~ ! p o s s i b l e  ~%o , : e l imina te  ~er~ors ~ and '~toi:obtain.:.s u rpr ,~s in~ly  , : eons i~en t .  
results. :NerVeless, ~:in i~ese~iug :the derby, it ~is ~felt ~gro- 

-p~ia~e i~o m ~ t i c n ~ s c m e  ~:of ~the ~ d i f ~ i c u l t i e s  ~ c ~ h  ~so ~ h a t  ~ h e  ~ ii 

'~lar-!%~ouble :may be :av, c~ded.  

.Reference i~c i:pl:ate ~il ~will ~ make ~clear :~the ~iocatlcn of ~e 
va~.~o~sipo~s ~or ~w~ich ~ield ~aata -~e ~tabulated. ~ i~ ;the ~ 
~r~ze~ i~results :~the ~eadir~s fram ~varicus :~r~ns ~a~e ~averaged ~:iu 
~acccrd ' ' ' _ wi~h,-~he :n~nber:of-:valves o p e r a ~ $ ~  : r e C e s s  c f  , the  
!particular .s, eons~de~ed 

:;~n~, ~!:~c~el :~:tes~s :~sho~d '~ .~s  ~:assu~pt ion. to  !be ":true ~wit~Lu ~a~ 
" ~:error ,:of : abou t  ~e-h~If ~,of ,a iper~ent  ~which is ',beyond ",the : a o c ~ o y  , 
,.of ~he .~Present t e s t s , .  

;~iPie~c~e.~,r,i,o ~d~o~ ~z~n ;lake i~o ?in%~e,-,tower,. ~.The ,~,water ~sur- 

~e~d :~ere  ;:zeecrded.~to .~he ',~=earest ~hund~h of'., a !;foo?, .~Ze~ : ~ w ,  
:feEdings ;:cculd ;~not }!be i!.~aken, ;as ~the ~.exoi-~er-~was ~;c o ~ i t u o u ~  ~Lo= 
:,~he ;~l~me :d~.aw~_ ~a ~,small ;~amou~t o f  :wate=i. :F luo tua~ ions  :o f - the:  
water :surface';within the ~ower ::increased :with ~he !:flow~:reaohi~ 
a~mu~ .of ;Q~I f e e t  !f.er _:all ~ a t e s  !open. ,:For -one-,v~vei~L%s~ha~ ~- 
'~ing,-~.'l;he ,~drop ~::Of ~he~wa~er  ~su~.face-..?hr_.ough :the s c r e e n s - ~ s  ;,meas' 
u~?ed ~s 3~ss ithan ~l/32'~inoh. ~ i o h  i:;indioates :.t.hat !.for islx , , ~ e s .  
:open-!.~he :~loss :would ~be ~teSs ,:.than ,~0.07 : foo t  ..or .:o~oo8 ! ~  ((~Icoity, 

~ed ,:in,~the Lcom,.pu~at~cn~. ~ 

• -~It !-had-ibsen ~exee~ed !~;hat ,the ?isa~e i?le~els .would ':,.be -Ob~aained i:: 
;~rom !.the • continuous ~:reocrds .'of ' t he  ::automatic ~a~ ~re~Is~eri~ ~in 



~ e  

c. ~.: 

Z , • . 

~:the ~!powerhouse .':and , t h a t  ~ they:would  ~be ~oheoked .h~ . the  :Bourdon ~ a g e  

/Ar~scna:~an i fo ld .~and  ~in~ake ":~owo~* : ' .Unexple~nabl~,  ;~bo~h ~ h e S e  ;!i ~ 
.iE~/~es~went :out ~of ~ o m m ~ s s t o n .  ~'As ~ o  : z e r o  i~low : r e a d i n g s  ~Of.~any o f  '~" 
! ~ e  ~0%her/gages ~were ! ~ a k e ~ ,  .~exoept f o r  ~a ~.~ingle ~direo~ ~ m e ~ s ~ n ~  
~,w£%hiu:.%he ~Antake ~%ower ~at ::%he : b e ~ i n ~  ~of~.~he !~es~.,  :~lator::'.~eleva - .  
~.~iOns ~o~ i.%he :~l~kelf.had 1%o !bo "obt~A'~ined ~by::~in~o~p~at~on !be%w~en"~,  s" 

ha~ ~ o  ~be~m~de f o r  a~o~z ;e ~in'~the,:ra~e ,:o~ flake ; r i s e  ~.due%o'~he 

q u i r e d  abou% -a ~day ~;¢o :~eaoh %he , ~ e s e r ~ o i ~ e  Theme :,fao~s ~esul% ~in • 
~a.~ran~ .,' o~' ~..tmoer~l;aint"y ~!in ' %he ~lake ~eleva%'ions ~!estima%ed ,:at ~about; 
~:O~O5 .-:~oot :~for :%he :~irs% :day a n d  ~ 0.;.I0 ~oo% ~for ~;.~he ~seoond ~;day ~:of 
%he i~es~s.# i%he::rl.se fin-;%he .:lake '~beln~ ~.esJ;ri~l~ed .a~ ?i~2 :~£ee~e. 

iF~eld ~me~sur~aen~s - of ~%he. drop !In :~he .,wa%er ~surfaoe ibe~ween 
-~,te "lake -e~d ~ I ~  :~in~erior off,%he ~tower ~ha~e '~beem i!.plo~%e~ ~:on !p~a~e 
::3 :~ a ~ i n s t  i~he :~ p i e z ~ n e ~ r i  o ~drops i~ b e t w e e n  i~-~_1 r~and ;P-~6 ~.whioh w e r e  
~measu~ed ~.~i~h ~a~merour~ ~mmameter,.  ',:The~neudmmn:~loss ,meastwe~:~tiMr 
• '~.~J~e ?laC-ber, ~3o98 ~£ee~, ~:~s , .est imated ~%o ;have ,an ~aoo.ur~oy ~o~ i ab0u~. :.: 
one ~peroen¢, . i~b~le ~ h e  .sirrah% :.~e :drawn ..~in ~he ,:~ph ~gtves .:a 
C~ood ~appro~%ion ~!to ~%he :;pOin~s:~ ~ulioa%In~: :bu~ ~ I  ' e ~ o ~ s  ':in 
measu~emen~ s, ~a ,:o~rve ~. Sllgh~ly ~:conoave- d o w n ~ r d s : f ~ s  ~ e q ~ a l l y  
~well,. :and :Ji~ ~is :impossible ~%o -ohoose\beSwee~.  ~%hem~ 

~:~ween-~the::P i;:A1 :and ~P~A~ ! p e n s t o o k s  .~was ~de%er~ined ~bY :us~. ~ :~,~he 
~i~en ~ : r e a d i ~ s  o f  ~ h e s e  . ,respeo~i.~e ~a~es , e  r iThis ~pr.ooedu~ei':was :.used 
~%o~reduoe :~he ~errors  _ : iuev i~able  ~in ~u~ing ~s in~ le  g a ~ e  ~ e a d i ~ s ~  
'~Table ~'6 shows t%he :J~dividu~l ga~e ?readlm~s :as .,,-oorreo,~ed .~fro~ ~he 
. ~ % i a l  o a t i b r a % i o n ,  ~%he manmme~rtc :~reaaings ~be~ween !:P~A1 ~ and 
.!p~,,~ ~and ~i~he ....oc~pu~at~on ~glvlz~. "!%he :p~e~o~e~rlo i drops  ~from !%he 

:.The.,mean;of ~the ~P-A1 ,and ~P~A6 ! ; ~ e s . ,  :~i~s :p loWed ~ a ~ i n s t  -~he :meas- 
.ured ~;drop '~wi%hin-,.the '.~ower,, from-~w~ioh :.a .~:oons%a~ ~oo~rec~ion. ~%o '..~ 
:~.¢hejmean :~.~e ~readings .:of .- :i2~r.~ ~fee~ oi s :indioeL%~ .~'!::..~Separate " :~ 
; a n e l y s x s  shows ~ - A 1  E a s e  :~read :;i.:3 ~feet" low ~,and~.P-~ l:~ge. , ,6o2 !~eet  

~ihave ~lar~e~diScr~pancies. . . . . . . . . . . .  

~i~The ~piezo~ae%rio ~d~.op ~Sr~n.~the ~lake t%o iP-'~l ~for .~he ~maximum 
Tlow~measured--was ~22~I ~ e e ~  !the,-oombined e r r o r  d u e  ~to ,all =oauses 
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"is ,es~ma%e~,~.at :~about i~0 ~foOt..~ 'iThis :g~ves ;~a.~probable :error :~in " " 
%he ipiez'~netric !/drop<Oif~~bout: 4,~:!perosnt/:i~t .:~is Star'ion., DoWn- 
,.stream, ~wh~le :aUy "absolute ~!error iremainS ~in ~the ,:over~al~l loss.,, 
the percentage ~ef .:error ,:~ ue ,tO 'ithis mea.surem~a%. !b.e:o~ne s i~:les ~. 

! ~  I--.\VwAL. :,The iipiezome%rlic ~drop ~fr~ 
~ii~A6, .'~!,to, ~the -~valve ~'maU~old '~was. ~obtalned ~hy ~usinE '~he' J,VwAI 'Den'" 
:stock ~as ~'a.!piezometer ~oonnec~ion ~and %hen,disoharging :.ithrou~hi.;the 
.o her~:~ve valves.. A'mero ~differen~ial' ' . • ,- , .. .... . -. ~ , :,mau~eter :~was. used .~gm~ ": 
::rang ::oe n s m s t e n t  !readim~S..,.'~%he.;max~m~m drop ~meask~ed :for ~;T-.i~e 'v~Ives 
:bdir ........ 

! betw -. 

. . ,:equ~ 

.... /Approximately /four :°diameters ::below=P.AS water v~•s:di,verted 

'?.  

! alve s/0Pen" The quantlty :~mverted ~was ~m~asured ~by ~%he i:perf.orm- 
nee ~curve or ~ne~,.~c~ uer,,..- Heav~ 'ueroen~a~e divers" "',~+-~,,-~ 

• ma.%erxax, ener~y.~iosses bdlow ~'a~uncgion :and ..a irise :'~in '.'.%he :piezo- 
• meter }grade butfor ~small s diversions, ~the ~mo'del.~tests 6 ~Showed 

• i" i 

/ 

TL~4 

a n  < e r i e  r g~ !'gain :reacHing a maximum of. one .pere:en~.. ~ :~The ~appropriate 
correction ii-s sm~ll ,.~ad ~.unoertain ~:and .;is ~negleoted ,'~in ,the ~present. 
-,c omput at ions. -- 

~The ,readings .only::ino~luded ,values for .:one.~ .~hreej four~, and 
:five v~lves :ope~,,~ , .:~The ~missing :readings :were interp.olated .by plot- 
~in~ ~a ~.graph ::of :~he ~P-A6 -%'o '~V, AI ,~drop against ~P-AI .%0 ~P~A6 ~meas- 
ur/.~nts ~ireduoed ;to:the .values equ!valent;.t0~h e flow ~n!~he 

• ,- - 

i 

~ a b l e ? 9  )?g~ves : a  ~summary.:of i%he . c o r r e c t e d  , s e o ~ i o n  i: drops. ,  and 
their summation'.::aud ~against ,;,~this 2is iplotted-;~he ..drop :~s ;directly ~. 
• measured i by ..the ~Y~A1 .~Bourdon gage°' AftQr .~ll0wing T o t  ~,a:.~zer0 
.~flow :~orre~tlon ~.of":' :2~0 :~'eet~ the/individual mead~ements ,are 

• .16 
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,~shown ;..%o ~ e  :w~%h ~Oiso~.O~e~ies -:df;:%he ~order ~of.:i%d5 .f~'eet;,,- ;Th~s 1 :' ~: : 

,-;;, ~ c . .  : : ~ e e t , :  ~Zt : ~ i s ' ! ~ e Z i e v e d  ~aP_P~ :~:i '~> 

_ : ~ z e  :~zo ~ s  ~a ~ ~  ~:or ~he i~.pi-~o.~ ~ ~,o~ in~,v-~. 

j .,.- 

iili_ " :so ;.%he~e:i!s ~mo ~me~hod ,,:Or ~ : d e . ~ e ~  ,-gage :,::oom~s ~£or ~.~he ipi~o~ :~ 

-" : ~n ',~he ~:oo~L~ion ~eo~: wi%h ~ !me~s ~o o h e o k  :~he' i~a~io ~le~ ~of :i 

r 

i s o n < , o l f ! ~ e  : r e s u l t s . o f  ~ h e  ~ i . o u s  i . ~ n g s ~ o  " - . i 

. , L ,  

- :  ~ e  ! I 9 ~ 9  ' T e s t  " 
. "o . ,  , 

: r  1 7 '  , • . . . .  

.: ~ . ~ p e r  ;!!g~te i:O~ : : ~ k e  -:~ower. : o p e n |  ~s.~,a~ion " " ' 

.! 
. .~17 . 
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,:!done ~.~,theJ-follo~;:zm~me~; _ ~ . .  ,.0 . . . .  

i . ,.- :" . . . .  " - /-: , .... k '' : ' ,' ::' . 

• .... ;.(i). ~ep~e,.ge~. . .. . ~s.~e~.e ~;~e ..of , . ~ . v e . .  . . V ~  ,.~.,.1937..~.1938 ~ .  ,. 

I 

.'.%ire :~.~,,pac~ h.heads, ~J~e se  ! :be l les ,measured :~ "the ::~.93 7 ::~a~d : ~ t ~ 8  ~.~es ~s 

!~che,~d~sChar~e :.6f~. ~e ~'.,e~oit er-~o 

: i ; :  ,. , : %  

~,,~- 

,.e~ d , - , ~ r - m e a s ~ e m e ~  : .Of. : the-: . ' ,~e~oolt  i e s  :::~"i ~ o  ; : . l~ in~ S :i.~:~.the:, ~ S  s ':" 
~sec~ion ~for ~-:eaO: . .! 

~-~. i:',:~ - 

.'Z 

?;i::ii 
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• ... .. ~ . ' w s  . , ~ e , .  d i s t ~ i b _ u % i o n  ~..6f " t h e .  ~ . e n e v ~ ,  ' ~ e ~ o o ~ l ~ r ,  ~ a ~ d  ~ p r e s s u r e : _  a c r o s s  

: v e t  se  s ;~ar e :i i n  : r e a s o z ~ b Z e : , ~ e e m e ~  : ~ h  ~one!:anb~.her . .  ~Pl-ate .iS,i:is 

.~J~ow::~a • ~ : b ~ .  ~ !~As ~h~s ~:been~!2otmd~by :o~her  :bbse~verdT~ ;,~he !h~gh ~ve-  

' ,  . . . .  . . , - ,  > 

J o ~ r ,  

a ~ 2 2  "=-" 

. . . . . . . . . .  ; ~ m e a n ; p r ~  . . . .  
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; . ~ = ~ - a ~  ~ - .  e ~ r . o r - ~ o f . : : n o t , : m o r e ~ ; ~ 2 ~ O  ~ p e c o e n t ;  i.For ~ r e f e r e n o e ,  ::~.::: 
; ~ h e ~ " r a ~ i o " :  O f  ÷ ~  " ~- " " - . . . .  " . . -  . . . .  " . . . . .  . .  , . ~. ~. . : : ~ n e a ~ . . t o  . m a ~ u m . : ~ e l o c ~  ' . - ~ s ~ O  ~ 9 0  i . ~ e : ~ m e a ~  
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'". : ,:~ s ~ %  ~ , e r r o r  s ::of-.,%he,~~obder ~:'Of :0 . .5  i I o o % : m ~ d  : : t ~ i n .  ~ • 

~':. ~. ~coe~,t6~ ent .!!Tound ~: :a~l io~bl  e":~s ~'.0:,95 .~ Im~te~d :::oZ '-:~:e :.0 ~,918 .used 

.::,~, found .., ~u ,.%he ~%es~ ~h. ~he ~,~val~e '~95~pe~e~n~ :0pen:.are ~ plotted :In 
:,i ::! li ~h~ ~I £ne s .: on~i- p la~ e ~:4. ~ In ~ sp l~e-0 ~:~h e ~:~e~ ::~ha~ ,~,~he s e di s~rl- 

'~i i:'.~S ~.0,~0 -.velee1%-y~i :he ~:.hesa :-bi~er ! ~ :: s~. ~ ~ 1o~s~ion: one. 

~eadi~s%beeame,:~z~versed:~:.wi~h~ r e s p e e ~  :.%0 i%he ~:,oe~te~r ~ 1 t m ~ ,  ~ , ~  

• ~oUlXl~:be~eaeon~ble:,~a~ee~en%::.,Wi%hL~he~I9~9:resul,~s- ~Tba~ . , ~ .  

.:,~su0hiiu%erche~ , :~ooourred_~s ~ o o n s i d e ~ e d  ~impe s s i b l e  :~baJ'~Tk~e; e ~ -  

"-. ~ridu~l ~: poises ~.~ !dis%ribu%ioms ~,a~e 
.. i~:e sow-~~eig~t ~ean:. ~ be.~giveni%o~he-~!~ba- 

• i:%he~i~o~ueS'~ound~for~.~e !~95~..~,pereen%,,~l~e ~.open~., :;,However., ,:a,.,ocm- 
~:"i!i!ii.:. ii !i ~" s°n:i°'::"~he ':c~'~'°ien.~ ' :~f°r :%he ~°~her :!:~9~i&~c~ ~°Pe~ -I~Pl- .°L'~- :ed 

iii I ..::-~b~:95,--~and:~lO0~: ereen% :o~s'~were :!~,O0~:~i~. ~'T~is :is ~ i . n c L ~ e o ~ '  
e -,walue -~.~-oh :::be s~ ~,a~e~s.~1~h " ~: + 

~ : ~ed:  wi%h ':0,~61 ~ fom~d:~ i ~  i t h e  .:, 

z e . . ~ e : ~ I 9 3 7  . ~ r e ~  :,,!or .~th 

D 



i p r i o r  ~:%o ~ i n s % a I l a t i o n ,  ' bu t  -no 'observa t ions~ .were  ~made . ~ e r v ~ r d s  ..i 
,:df %he i r :~ read ings  ~under : ze ro  :flow~ cond i~ tons , .  ,~A~I ~,.~he "o ther  gages  i 
'use'd~iiin'ithe : s e r i e s  ~were ~found %o ~require~%he '~use :,Of Eage  ~ 'eonstants  ! 
i~frum .~one i%o ~!five Jfeet'~%o ~bring~,%hem ~into ~a~Teement w i t h  %he ~other  ,, i 

. ' . d a ~ ,  ~No . a d e q u a t e  :means ~for  ~deter~,~4 n~ t h e  , c o n s t a n t s  ~of *~:e ~im- I 
" ~ ! p ~ t  .and-~%a~io i~gages ~of ' ithe ~.pitot ~tUbe ~a re~ava~ lab l~ : . so  "!that 

%here 'i~s ~ o o ~ s i d e r a b l  e ~,uz~e~t~ ~.in~their ~eeui~s~ ~2he: ~'obsor~va- . 
~tions i l c o m p u ~ i o n s  ~0~:%he ' d i s c h a r g e  ~r@i. .~Similar  ~%o i ~ s e ~ m a d e  i 
~for i%he[i1937~tests ~ ~am~ ithe ~distrlbu~io~s './found ~'~re iPlot~ed.. :on 
~.plate-~ ~for .~.~ea~,:.oc~parisc~ ,with"~the ~o~er measure~s~ i~t/~is 
seen'~%hat~ "on ~ the~whole ,  ~he~agree°wA~h~ n e i t h e r  t he  :1937 ,or~i839 ~ ~ ~ 
m.easur.ements. ~ : i c o n t r a s t ' ~ t o  ! the  i~1937]?es%s ~wl%h~.m~,~iple ~Ea, g in~s  
at:,.varlouS ~.val.ve ~:openln~s. ~'and ~%he ~1939 ';%es.ts .~ ;~l~th :~improved 
equipm~t, i%he L1938 .EagAn~s 'laok ~:euppor%in~ data ,'.as ire ~%helr/re- . ~ 

effioients ~-;ob%ained in ,each of'~the i~se~ie~ ~ d~ :%eats i(%able • 9) ~seems : ~.!,. 
.%o indle.ate-,,~bat Lthe 1938 :~gaging,was from ~3 ~;.%o ~5 !percent ~ l o w & . ,  
Thisi~woUld , jeorrespond %o ~.'4'Lto 6 .feet • differem~es i b a t ~ e e n  ' t h ~ .  con-  
s t a n t s  ~:of ~he :two ~ilegs :iOf ~%he pitot, ~value.~ :of i.%he .order .to .be ~ex- ~ 
pec~ced !~z~n~%he ~analysis :of :.the other .ga~es ,of .%his ~seri.es. 

Si~oe ~%he :1958 itests were the ,.only ..ones :for .,whieh:the :piezo- 
:me%rio i~profi.les ofL%~e ~outlet ~:works ~as: a ~.~ole ~:are ~.av~ilabie,, ~it 
'~was ,:!deelded 'to "~use ~:in ~the. oomputa%ions ,~of .the ~Ioss ~eoeffioients,. :.~.~: 
di . sehar~e  i~,~lues i~s ~0btained '.by weighing , the  ~var ious  .~per%inent 
~a~a:~ra%her -.than .usmng!.%he .discharge i:as .measure~ This :was "dOme 
.:indirectly ~by ~inter~dlatin~ ~between -the~ii93 7 and ~i~1938 :results, 
making ~use-~:.of-.i%hemeasured ~-friction. losses ~to ~the ".im~ae% !~leg .of 
i~e pitot, tube :a~d'~the .!eo~q~ed. ~.~ive ~coeffioients,. ,bY... ~a~.c~a~i-. 
son ~of Lthe :measured  ~ i f~ io~ion~losses  ~.between ~the~ r.in~ ~piezc~etors ,I 
"125 feet .apart :~on~Al ,!oallbrated ~i~ ~%he ~'1937 i~ests ~.a~d i.by :a :corn- i! 
-parison ::of'~the.:rel~tive ~:d~ops ~frc~'!.the .'.-lake ":to ~he ~%ower ~i~cake 'i ~ 
• ! in Ltho ::1939 ~amd .!1938 :~ests .. ::Ifwill ~bo :observed :that ~ifferent 
~methods ~:of .:!i~erpolatlons : shown :in ~.%able :20 ~ive .~results -.varying ,~, 
?bY,'about one ~pe reen t  ~ r ~ n ~ h e  -:.value ~,a-ss~ed :as  ~most ~probab le ,  J~, 
"~but ~this :must !,be ~ expected, ~corresponding ..as ~it ..does ':to.-'.%he .~approxi- if! 
mate ~probable .~:error ::inithe~measur~d ~qu~utities., . ,,,On i~he iother '!hand, 
~if.~the~iuterpolation ~is ~.:b~sed.~.on.L%he ~relative :d~.ops 5i~ ~.the .!intake ~i~i 
• :~tower as ,-mea~ed :iin ~193.9 a n d  ~1938 ~when ~.one : and .~.six :~.v~ives:~,ere r~ 
,:respeoti~e!y-discha~ i~, ~a ~.method ,:of . c o m p a r a t i v e l y  ~hi~ ~pre~ " ~ ii 
eisien, -i:.~en ~¢b.e .disehomge ."i~-:abou~ ~!3 ~8.~peroent ~.~roator :.~%he 

:.v~luo : c h o s e n ,  A l t ~ U g h  i~s ~is i:~a : p o s s i b l e  ~va lue ,  5in ~the ~faee "of i~ 
.%he ibalanoe of ithe.~d~a ~the -lower .,value 5is 'use~..-:iFor ~,.referenee, .: ~'!,- 
the.~following ~are :~the~results "ass~ned ,.applicable I%o-:.the 1938 ,!~%ests i.i~ 
w i t h  ~V~A1 ~alone disohar~.~ing i . 9 5 - p e r c ~  :open: 

::Q~=~3~.~O..c..-.f,s,,; ~_ooeffleie~t of .. disoharge, , i0~5. :j~:!i:". 

.~ "0 * 
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DiS0h~,Re ~when ~more ~,%han ~,one ~ l ~ e  '~wae ..,o.,psz~ i.The ,<~t eoharge 

~heads ,,measuwed,:o n .the ~eenter .~ine., : ~.0nly.~a ~single. ~obeer~%~on :~or 
,eaoh ~ cc~bine~ion~o~ .valves ,opera~in E ',was :made. iiFer ~hSs :reason, 

~ucmpa~ed ~.wf~h !~he !1938 ~ ! o b e e ~ i o n a ~  i /This  ~required'~ra~er ~ex~en- 
~sive ~oompU~a~ions %o ~eorreo~ J~or ~ups~reem. diversien~ ~scme ~ e s  
~lO0-.penoen%: .ope~ ,, ~,%~rlable ,~reservdlr ,~ele~%io~,' ,:i~i.' ..~he.:.~esu~e 

oa~es i~h~s ~ o b e e r ~ i o n  i%o ~have ibeon i n  eZ~.o~ ~ . iiFrc~ !%he .::our~e 
a p p r o v i n g  'i~he ~r~esul~e !of ",%he ~vo ser~es~ %he ~ela~i-ve ~:dis- 
ehemge ....og'~V~ ,'.as :a ~une~ion ~o~ .~he ::;nm~er ,o~.~.vee ~.opera~:~0~ 
,w~s:,~ob~atned .~ppl ieable  i~o 1938 ~eondit;ions. 

~ie.%ien .drop :between ~plezome~er .~zi~s .~eoF~%ed ':125 .-~ee~ ~a~% :on 
:~ .V~A6 ,,was ~ c.cmpa~ed ;Wi~h "%ha% ~.measm~.ed :~u ,a ~,:e~lam ?leoa~on :.on 
-V.~I >%0 ~o~zin-~,:~he ~re la~l~e  :.~iow ::in !-V,~6 "W~%h :~respeo~ ~%o V-i~l, 
Suoh ::comparison ,~la6ks ~aeou~aOy. :bo%h !be o~use "%he .drops ,~oomp~red~ 

. me~a~ed ..:d~ops, 

.~I~..o~gt~e, i~%h~ ~-e~en,.wi%h :.~he sa~e ~- en%ranee, '.~he .en~ranee~.oss 

i.%hrou~h :~he .~hranoh.:i~o -:~he ,,gu~i%y ~lowin~ in %he monlfold~ 

valves '~we~e ~l~,.,.~roent ~ open, are -ieonsidere~ ~applicable ~ o r  ~ 
~v~ives 9~percem~ .:oPen., ~whioh~was ..the ~genere~l ~.eo~i%ion~of -~the 
"1938 ~ e s t s . e  :For-.~eez~afn o f  ~Che ~.valxe ~o~b~ ioz~a .~how.e~er~ ,  " 

., :~Sce~e "~l..~e :.~vere :lO0-peroen~ ~.open !for ~,:~ioh iea~ ~'l~e ~.of one.. 

!'fim~l ~:dls~h~r~es ~:~s ~.used ~in.i~e ec~p~a%ions e~.:e ~sho~ .in ~able 

,I~ i!is ~rcoognized ~,the% :~the ~method,~u:sed~or ~ o b ~ i n ~ - ~ h e  ~,~s-  
~oharges .of i~he _"Inte~medlate. v~l~es ~ke ~aoeura~, .~ ~ewever~ " 
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,dlfferences ~bet~een %he disob~rges ,ol.various ,valves in a ~'s eries 
'.t~g ~off if, rO~ ..a!~old are:'mm~l ~d !If :%he ,'di'ao~.:~es .:~r~ 
,the .ou ts ide  .~wo ~of/a ~roup ~'are ,d~eo~l~v ~:~,' ,~he ~avera~e :is 
" u n l i k e l y  %0 /be ,~rea~;ly:'in ~error.. : I n t e rna l  ,evidenoe ~,Of ~,~he. ~es~s '~!: 

~t i s  , o o n o l u d e ~ , ~ l ~ ,  "~% ~hi , le  .%he 19~8 :~ isoh~Ee .:of a 

%he :~1938 ,%ests -'is ~be~we~ i.~0 :~ ::2~O.~pe~o~t wi%h :,mammmmn errors. 

~ESI~TS .OF E~Y 8~&~ :~A~8~]~ 

"The :~Re~01ds ~znbe r  . - :Loss . :oha i~  .The : resul~s .of tb~ :hy- 

~Cients' !f" ~:in t h e  ~.Weisbaoh~Da~oy ~formula. , p l o t t e d  : a ~ l u ~  Rey -  
:holds ~x~nber .~(plate 7)..~:. :The::.~hree .me~aurin~~seotions~ :~ake ~o 
!P+AI, lake  +~to :.P-A6, ;e~d :le re :23~ : ~ ,  ' r ~  :57 +:equiv- 
• e~le~ ,,d~ameters ' l o n ~ ,  ~resl ~he ~ooe~ficients  , r e ~ e o t  

f t t~ : ings .  : I t  ~Wi~l !be  inoted ~ha%.,at ~inoreasin~ ~distauoes .~.om ~ne. 
intake~ ~he :,mean t o s s  .per :d i~ne te r  .:deoreases. ~eho~tn.~.~he :~au~reas- . 
~ :d iss lpa~ ion  of  :entranoe :aDd bend .~o:ssea. The :curwee :drawn ~o 
average ~the :observat ions ~aken ~ t  f i v e  ~d~'~Terent . .ve loe i t les  : ' ~ i -  
care reasonable :preeis~ion, • exoept :;~or ~%he section :;P-~6:~o ~V-~ ' ~n 
which ~ o  :points ~at :%he ~lower -~eleci~ies seem %o ~be :OUt i o~ "~iue; 
,a.posSihle ~explanation"~.v~l ~ibe ~offe~ed :,later~ 

,~heore%ioel :as :we~l ;as prao~Ioe~ :~npor~anoe~ ~was ~o :deecezmmne 
~,whe~her a t  ~hi~h i ~.Reynolds ~numbers %he.:losses .~fol,lowed-%he. ~quad- 
:,radio :~aw ..or-..~ve~ied ia% ~.some. ~.other ~power ~of ~he v e t o o i ~  Lo~ar- 
-:~tnnio ~friction formulas have been . sa t~sfao tory  ~w~%hin:~he . ~  

~ ~ " a t i o n % h e  ~he.~e, i.ven~v~dely:~'d~ - 
:ferent ~resul~s.. ~:Niku~dse.~Showe&~ :w&~h ~sy~te~a~io,-~tests ~om"ip .,~pes .. 
rou.~hened':~wi~h isand ~T~ins ~.Of '~un~'form ~ieme~er %1~%-~he i:exPonem% 
n~ ~- " .v.el i -in ~he loss ~e uations -,s~ax-~in~ ~wi~h ~ai~v~luo of 
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8~jT£1 !Frank ~C01ebro0k ~- ~Tuwbulen%,:~low :In ,,pipe~, ',.with jpez~.iou- 
liar :,re~eremoe :to '~t~am~i~ion :region ~be%ween ~oth ~and/~.ou~ 

J ' 

expe~imental  i k~w?:edgo :d~ ~he mature :of  T r i o t i o n ~ l  r e s i s t a n o e ,  
br idged  t h e  ~gap ib~weon ithoee j~ough :pipe ~ e~p ertmenhs ~and i~mnooth 
!.pipe,,~:.~end ;eh~wed ~thet :where ::~he ~ o u ~ e s s  ~is ~ n O ~ o r a , ~ l ~ r e  me 
:a ~u~l ~tramsitlon ~n ,'~oZ~e ;law '~o ;the iother,, ~tb~ ~lo01~ ~ex- 
~pone~ ~Tad~!y ~:inoreas~g/be it e ::final value "of ~two ,without 
~passing i%~U~h ~a : m ~ ~  ii~His :!formula, ~ieh ihas ~a sub~ial 
:'~the0re%i'oal!~baok~rom~ ' indicates  ~.tB~% %he qm~dr~ ic  :iaw;:ts .~eaohed 
at i a~o~e s ~Reymol~s ~n~mbe~ ~0~ ~he ~order of 60 "ire ~80~. 

.'/ 

Ltuberanoe divided ~by ~%he)kinsm&~ic It.~.~'. ~easily 

~:oon~uted !from ~ilts ~equivale~t ~ .  ;The  

~valu~e~, the:r el~tive ~r oughnes S, ~ can :be~ Obtained :~fr.om the 

equation r ~I =~2 log S~?+ !:~fter values of ":f" ~have 

b een ;f ou~d ~r am ~ experiment. 

• i ,i i i i 

~P~ior ~o ireduci~g !~he :field,measurements, it was ;S~npossible 
~to ~foreeas% ~ithin~wh/oh ,:olass :.of .ipipe ~the .~results ,~.would ~faZ, l so 

made ~..:to ~e~imi~e ~blas -in ithel:redue~i~ of i~he 
-observat ions .  ';,This !is ~ino~ easy .Tot ~to !paraphrase _~exis ,.Carrel 

~.the ~emFl:a~ton ~is ..-~eat ~:o ,:ohoose _emon~.~h~n ~.those .~h~t ~please 

se~ions ,.~re ~iable"~t ~best i;~hea~e _iis !a-i.~empT~i~ ~to .~as - ..~ 
~sume ~;~ha% . , d i ~ e r e ~ s  ;frcm~an;as sumed ~!law ~are 'i~o ~be ~oha~Eed !~o 

• per dieme.~er ~~in ~ h e  main-penstook:iPl.o~ed~.on.:"late ~,7 .'do : s h o w .  a 
~oo~is~t:Ltre~d ,~ownw~xds,: ::The ~seme :trend is sho~ ~i~ ~the ~93;7 
;me~s~%a ~of'~he ::losses :'inLthe~,~.Al i bm~moh ~pl~ted ~o~ the same 
iPl~ta' '•Thes~ ~rela%i~e ~meas~rements here ;e~o more :reliable ~h~n 
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1 the :1938 :measurements ~Jin ~:the main 'penstock, ithe ~eurve~.bein~ ~based 
:on.:.20 :iindependent ,gaglngs.. ~.Friotion tests made .on i four ~different 
~13-foot :.p ens%odk.~ !in-.:conneotion ~with .the effi oi enQy:%e sis-,.oT : t h e  ~ 
turbines ~iby~the .:Gibson method~are ~also~shown, ~Sinoe ~the :velocity 
~determina~ions .~for .~those <tests ',are :considered: ~to ~have .a-high or- 
der ~0 f :.;accuracy, !:the -~scatter Of :0~ 
~from~,the.:moans., ;must ~:~be cons~dore~ ..... 
sure observa~mon's ~made ~,with :a di~fferen~ial ~meroury ~gage. ~l-f ~'a 
~line -is .:'drawn ~approximating ~%he .obser.vations '~for :the :Tour~sefies. ;:~: 
made on ,.different ~penstooks, .Jrtoo, :~hows a ~ deoreasin~:~r~nd, 
with -increase i~-in~velocity. !Howeveri~, ~ .'considerations ~w~oh ~.~Ii 
i:be ~:.idiscussed :laten, ;. o~fer :an alternative ::reason f o r  ~the ;decrease. 
.~Here .lit ::i s enough i%o~;say~%hat .the data of three ~.indopendont :.se- .. 
'~ries .:0f !tests :'show ooeffi0ients .deoreasin~,~ith :iinorease of ~Rey- ~ , i~: 
nolds ::number, ~.~he "losses ~..varyin~ about,.as ~VI,.S, Since ~%his .'his 
.~in < conflict :with ~.Colebro0~%s JformUla,# i~%he roughness ~Reynol~s 
'.numbers ,. of :~ he • sis ~:h@ing~:b etween :200 : and ~300, the ~:res U~t ~ should ~ii 
i be u s e d  ~with ;caution. 

i• 6 ' e .Energy ~Srade ~for.:model. ,and ;prototype,..A ~comparxson :of ~th 
~ energy ';grade, .ias i.~found i by ;the :model, ~and ~as measured :!in :the pro- 

retype ~is .!shown~ oniplate ~9,. The energy grades are, ,:in ~a:sense, 
!; ; . synthetic :-as ~-c onditions ~.were ,not • exactly the .~same in :the two~ de- 

.':- terminations.,, iTwottie :'rods, ;12 iinehes :./n diameter~, required ~for 
stru~,tural ~reasons ~acros s ~eaoh penstock :opening i n  :the ,~prot0type~, 

'~' - were .not ~in~luded-~in-~themodel. !For i the purpose-of ~oc~_paring the 
• .:. :two ;results, ~an ~ amount iof ~0,.025 ~hw;per ~rod was as sumed as-ithe ~ulti- 

~mate ~head ;~ioss ;per rod ~and :3,/4 ~:of ~hi:s amount-was ~;added .to ~the 
:losses .found ~in~.the ~model. ~This ~reduo~ion~,was thought ~$us~ffied 
• since: ~as ~:will ibe, shown ilate~, ~with :but~ a/few~ diameters .~ of ~pipe 
~below ~he ipowerhouse.!maniT01d, ,the )full .~losses probably .would ~ 

- -not ~ha~e . t a k e n  ~plaoe :!in ~ t h e . l m o d e l ,  ..Reference %o < % h e : c u r v e  i ! o n  

~- plate 9 ~entitled :"Cylinder iDrag," .!from ~hi.ch ~.the ~ioss ~for ~he 
; ,rods ~was ~e stimate~, !i'a in~identally ~w0r%h careful ~ ~ onside.rat~on 
~.. :.by,~all :those ~engaged ;~in m0del-:te sis ~:of ~ streamlined :shapes -ax~ 
:;~- ::ent'rs.uces, iIt~.canlbe~seen, 'Tor;ex~ple,,i~hat.model.:tests .on. " 
.i~ .- ~:C~lindrioal, shape s ~.m~do .~it.hin .~a ~:r~n~e , of .iReyr~id s .number s ~from 

: 2.,000 ~to :.Z5:~OOQ, ~would' give'~t,~ally .:erxoneous ~result-s ~extrapo- 
,lated ~for~:regi0ns of :-R := ~5~,00Q;O00,. ~It ;is ~possible :~,that !,~e 

:! ~hi~h<,ooeffiCients ~:cf files s :~foum~ .:at :the low velocities"~!in ~e ~ro ~ 
. :.retype ~ini~.the iP-A6 !.~0 °.:V-A~I ~reach ~previouslyo.mentione~,., :m~ i:.have 

: been.i::oaused i.b~ .:some ~ abrupt ,.oh~n~e :in .:t he .rod :o.oefficients ~within 
" .the:..ren~e..Of..~the".:.test~., !It ?has ~been ~:stated e i sewhere .that !the 

type .:~ of :phenomena !shc~n :bY the ~rod .:~quite probably ~applies ~.to 
~'sha.PeSiBUil~ of eurves,:-of;many.:type~,,~ ~sucb as stre~ined en- 

L~o. ~.trances or ,-curved ,.vanea •, 
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~The~/~odel':teet ! in ~addition~.%o :having been oor reo ted  f o r  : t i e -  
~:rod ) losses  ~:has ~other : . features  :whioh'~need ~to ~be : s ta ted- ,  ~The ::re- 
s u l t s  ~:s~v~ ~a~e ,~a ~,c~nb~atlon ~of ",~o ~:differen~ serie~ ,o f  .tests 

in ' .whioh .in-'~the !/~Irst, !the ~losses '~were ~ measured . ~ a n  ~the .,lake 
-%hrou~h ;the/soreens~ ~throughi%he ~ , ; ~ o  :P-AI~ :iand ;in ;;the 

:.lower !igates ~!~to .:the :oan~n-ws:11 .~neodle ~ a l v e s .  ~The ~soreens ~for 
:%he :model !had ~been i b u i i t  :%0 !s_~_ile ~and iimdioated ~a .ihydraul~io 
l o s s  ~of ithe~, order  ~:Of.~:O.e~IO ilh v '!i(30 :'i~.,. ipipe),. * :The ~proto~ype showed 
no ,,measurable :!los:s# ,~ce~=in!y:~less',than,~0:o01 ~hV30" ~L~, ves~i~ion 
~indioa~@d ~.~hat ~::%he ~ve loc i ty  ~ :o f : .~e r  :past :.the ::screens ,:or ~.~he : 
model ~was':probably ~lees i:than ~ori~ioe~,. ":The s o r e e n  :,loss T o t  %he 
model ,was,  ~.~herefore, s u b t r a o t e d  :'from ~all model l o s s e s .  

-.Two ~ates  ~open a t  ".the i n t a k e  'itower :~ive abou~ :one- four th  . 
~the .ent'ra~oe ;loss ~ f : .  one. ~o ,obtain ,an .ent i~e pro~i,le ,of . 
.~he ;i!ener~y ~g~'@"ifor ~%he .model -comparable .;.to : t h a t  ~ob~aine~ i n  
t he  ' , p r o t o ~ e  ! in  :-1938,, : ' inw~ioh ~the:~upper ~~a~e ..-.~one .,was ~open, 
~:the -%we ~.~es%s ,eel ithe model~were ~:oc~bined, the  f.~.rs~ ~p~r% ~of : ~ e  
:,profile ,coming fr~. ~%he first %es% and :the lower_~par% :f~om ':the 
,-second. '.~The -it~eo -~ests ~:-have :a ~ocmnon profile ibet-~een ~the :,bonds 
and :~,P-AI.. ~.This :procedure ~has i~he-defect that ~l~hou~h ~a .,portion 
:.of .the ~prof~le ::~rem ~eaoh 'test .was :found ~Si~ilar. :If.~%he :hi~her 
entrance :losses.~:in':the::modol wi%h.:one gate ~ 0pen :would have af- 
:footed ~;~he :i hydraulic ; ~rade ~:at ~-greater ~:distance s ~han ;22D ;frc~ 
the. xntake,, ~enth~:/~lower-part .of ~the profile ."is .~less steep 
thmi~it :should~:be.:--:~X% ::is ~be1~evod ,.any-error "is ::sma~l. 

::Finally, !:bef0re :conoludin~ t, hms" ~presentation ~of ,da ta ,  it is 
!~esired !%o ::re-e~phasi~e ~. certain %hi~s which must ~be ~kep~ :in 
mi~d -!in/reading-~the ~-d~scussion which .~foll ows. Energy losses -as 
:spoken .:of .".in :.this :.repor~ :are :purely differences .in:the ~:ener~y 
!grade :~line ;O~ained .~y .~addim~ :%o ~the ~piezc~e~rio grade i!lin~ ,the 
:mean ~veloei~yShead. :The ~piezc~et~ic  :~rade ~ as ~measured iby ~pen- 
s tooks -,.:~enln~ con . on!y.,.one !s ide  ~of-~.the ~pens~ook, .!;and",With ~,dis- 
tubbed ~f~aw ~ f ~ n  ;fittings upstream, "may :not :~measure .,~.the ~m~an ..~ 
.~essu r . e ,  %he ,mean :~elooity ihead :~m~y-.be ~f~r :f~n the :~rue ~elo- 
~..oity !ihead, ~end ::fi~l!y,.~ ~.%he iphysics: l  ::.layout :is ; such :~at. e r r o r s  
tend :;%o mul%!p!~, iln :~st ~0f.J, the ~seotlons:,, the, ~oeffioien% ~of 
"~oss ,.due ',~o-.!fittings -:~is ~.ob~alnc:d ~by~ subtracting ~fr~n ~,the ~measured 
:;.pie z ~ t r i o  .,:drop ~a:~.veloci~y i,head ~ieh :is : abo ~ .-one-h~'if. it s .. size.| 
frcm.",~he :remainder .~%he Iriction-:is :sub%racte~ wh~oh is a~ain 
:i-abo~ : ~ : ~ ,  ~end ~this :.quanti~y .:is ~divided ~by :%he-veloci ty  :head. 
The ..r~esult :iis ~.~hat ;.a ,: On~peroen t  -e~r.or !in :~he-,.velooity .produoes 

• " e ~a ~six~e~oen~ :.error ~mn ~th .!loss : c o e f f i c i e n t . -  ' I f  %he . : t o ~ l  p iezo-  
~metric ,.drop .ii:s ,:.one .p.eroent ..in :error ~in :the ~sam~ d:i~eo~ion, :%here : 
i s  .,:~ a d d i t i o n a l  ~four~peroent e r r o r  ~in. t he  iooeffioi-;1.1; .:~nd :an ~J 
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~additional one ~pe~oent :~for ,each ' .one-:peroen~, e r r o r  : i n  :~he f r i o t i o n  
• c o e f f i c i e n t .  

The ;most ~aOourate ~:of :the ;main ipens took  :measurements ~is t h e  
i~oss.~f.r~n :~he ~!lake :-to ",V-AI :which ' i n o l u d e e  ~57.~effe~i~ve <dismeters  
, o f  . 3 0 ~ o 0 ~  ~t~pe® . : : A s s a i l ,  ~a ~:2,pe :.the ~items 
• _mentioned. -':the .to%el ,:ooe~;flo ient - ,. _ ~ ;.mi~ 

be  ,:e oz~"eerpondin~ly ~Ereater.  

' I t  ::is r e , r e d e d  i ~ e  !p~ob~ble e r r o r  i s  s o  ' l a r g e  b u t  ~it i s  b e -  
l i e v e d  ~ typioa l  "for  ~tayou~s ~of ~ i s  ~sor~. 

-ilu::spite.:Of~the'~poss$~l~ty of,large errors,lt is :believed 
,the:tests ;!~-'i,~Ue' '::,llot ol~y ibeoause they :indicate provisions 
r~flioh ~m~t ?be.made -~ ~the te~ ::~aoilities if better ,o~parl-sons 
-are to ~.be ~made !.bet~men::model :and protot~pe~, but ~aleo ibeoause ~t 
least ~que~itative!y ~oer%ain :phenomena are ~ndiea%ed ~,,w~oh~ :'if 
taknnin%o :aeooun~, ~should ~ro,ve ~b~d~aulio .design.- This w~ll 
be  ;~ t soussed  i n  ~the :nex~C , ; seo t ion .  

• .H • 

DISCUSSION 

General ~desiEn :for !power ~plan% end ~iversion tunnels ~dlf- 
~ f e r s ' f r ~  %hat  o f  :;flow i!]itnes ~and~munioipal  ~water s u p p l y ,  i n  t h a t  
*entranue :and ~Itting/losses makg. ,~.up :a substantial "ipor%ion ,of ~the 
t~al !b~draUlie ~o.sse~sa ~abcut'~O !percent .~'in ~he ease, of :,%he 
Boulder ~penstooks,. ~iThe p~s%ook ~system ~also :dlffers f r, am;a-di- 
.,v~rsion ,.tunnel -iu~ha% ~ .i,%s ~dimensionin~ , =,no i ~ ' i o  fee%or 
,or :safety !:is ~possible,~ . . ~Zts ,.dimensions. are ~based ~n ,making ,a 
::minim~n ~he ,-cost of <the i:ins~llation iplus ~he oapit~liz.d es%i- 
:~mated . ,value of  ~los~ ~head !whiohj .,at .Boulder  w~s , . es~im~ed ~at 
;;~1I0,~000 , p e r  ~'foo%, ~Ei the r . , an  :m~der : e s t i m a t e  o r  o ~ e r  . .es t imate -of 
:.the ~hYdraul ie  ~ losses  ~:'~eads ~:to ~-:an-.uneconomic , S i ze .  '~Wl~le-~.~he 
eur~e ~.of ~.oomblned :,;eos~ ,~is ",..,comparatively :'~lat..,~he '~iuoremen~ In" 

~Jis. :enough ,~o ~ make ~de s i r a b l e  ,am~ ~ chert ~es . in  ..:de s i g n  ~whioh, w £ I I  
~-ea~d":to 0c lose r -es t ima .~e~ .  ~The ~presen t /d i souss~o-n  ~has ~ h a t  ~iu ~view. 
~ e f o r e  ~ a k i n g  ~up ; in ,  d ~ i ~ l  ~%he ~expe~tmen~e, " i t  i s .~proposed  ~ite ; b r i e f -  
lily ~c.onslder i~he ~ m t m ' e  of. entrance ~'losses,.' ~ " 

,Cc~paratSvely,~!1ittle e xperlmen%al..data :seem to be.:.av~labl~i'~, 
-.on :~he. !~f feo~ O f - s i ~ - f i ,  r "~lOC't '-~y~, ~ d  ~:oharaot~r of .~sm~faoe on ~ o s ~  
reOerrmomen~s : for  most  ~forms ~:of.:entranees ~a~d :~Sit~in~s# . I t  ihas  ...... ~:::=-~ 
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c o z ~ m n l y  ibeen ~ass~ned '~hat:these: vary ~,with %he square .~o:f the ve- 
Ioe£ty~aud ,i~hat 'the~other factors are .unimportant., ~P~ actzcally i:' 
no data .:exist on :the ~rate ~at ~whioh the losstakes.~ple~e below the 
,fit-~Ing ~but :~t :i~ha~~been stated ',,that at 4 0  Or ~!50 pipe ~diameter~ i 
- ,downstream, ~hed~istu~banmes::have-aisappearedo ~.On~he o t h e r  .hand 
experimenters ~:working~.wi~h :smoo~h pipes :and -well Grounded. entrances 
have ~found ~as~mubh "as ~00 ~D ~were :required %o ::fully ~develop ~turbu- ': 
~'Ienoe,;. !a ~oase~s  ~.repo~. ed :,where d u e  %0 . a  d i s t u r b a n c e  . caused  • ~ y  a . .... 
xm~Ive,, jir~egttl~ritie s :in!the velocity ,d±str~bution wre noted 200 D ~i 
r, downstream :',in ~a :SO-inch !p~pe ~l~ne:; ~:~ ~ecent tests on ~bend los ses :~'~i 
have .~shown i~hat .,~the :~rou~ss ~of :~he !pipe affects %heir magnitude. 

Plate 10 is ~a dia~mu ~showing .the ~peroentage ,of : tot¢l  ,loss ' ~-!i 
a t  varying :~.ameters dow~stream f o r  ~some ,re st'~ ~me~de :by %he B u r e a u  ~. r 

in ~which-~he ~tOtal 'loss ~Was measured some 30 ~diameters-downstream.. , 
.T.h~ CJos.se~.:~:i~e nomad ,  i'.t]Q~t .iS:,r ' : they :~lvoZve .watl !pressures ,.and 
;,Q/A ~.veloOity ~heads.~-3Y~ t ".is quit e ipos siBle t he se !functions are f a r  
~from ~iintegrated,!pressure and ~velocity i:heads ;amd, ~ndeed~ it is 
,:cerbaln ~hat ,,.they ;~re ~'~in ,error, at ~raetional ,diameters ~bel'ow an 
~entranoe. ~ ~th :the ~lim~ted ~tests ~made ~and %he ~exaot determina- 
:tion io~ ~he ~our~es ~of/~pe~oentage .losses a matter o~ muoh expez~- 
men~al .diffioU~t~,~ no: explana~ion :can be .given ~,o£ ~he ,di f ferences. 
~.But ~ e y ~ e e ~  i i z f l i z~ l ioa t i~  !that r--ls=b s t ~ t i ~ Z  !peroentages of en- 
~ r a n g e  .~loss ~are !being ~d~ssipated :up to-:SO: ~diameters downstream. 

.The iBoulder ,~llatiom. ~hough leAd ~out on a :grand soale~ r~ I 
if measured ~in .~iameters,:is "~ypioal o f  ::mam~r power ~projeots wi~h fit- :~ 
tings tOte 15 D iap~m~. Thus ~:both ~f~r~,,~he point of view-of  de- i 
:sign and ~exper~ment~ ~somethin¢ more:ithan ~Ots~l loss coefficients :i 
:must :be ~avai~able !if ~the }h~rdraulios ~are t o  ~be ~,cor~ectly designed 
and :interpre~ed..~ ~The ~w~i~er !has n o t  ~seen a ,complete ,,theore~ioal ! 
discussion of :fitting ~losses ~a~. their ;rate o f  ~disSipation. ':: ~Such i 
_a '~aper~, :with ~a :review ~o~ ~exis%ing idata a n d  "sys~ti.o : ,experi- i 
~lemts .to :~fi,~l in .the ~ps, :wo~d ~,~e valuableo' "Here ~. ~t~t ~csm 
"~e .done -'is .to :~reView hrie~y :some .of the ~.weli knowm :~phenomena on i 
which _losses must .depend. :To ~be ,.speo.~£ia~. ~a ~e~rcular f l u s h  in- ~} 
'~ta~e ii s ..used ~a s :~ :example, •, .~ 

i~hen~.w~ter Jis ~,~f, meely .dis0harged .fr~n ~a ~tank ,~hrou~h :a oirou- .iii~ 
far .orifice :~z~klug':~a~ain~ .:a .flat 'plate, there ~results :the -rol- 

l,he ,:jet~ooz~ra~b.s ;.~o ~0~ ~A where ..A e~is :the :~ea of .the i~! ~ 
"t orifice;-m :h~s a - v e l o c i % y ~ o o r . r e s ~ o m ~ i m g  ~o ~%he ~total '~head ~ea~ ' :. i 

~n i b e i n  F ..defleo~a :80o ~by%he ~plate, _-it ?£eaots ~ins~ i% ~wi%h a '~:i :.~ 
royce ~waose :ma~m~ ~ intensity is -h~_ :but:..~ose ,total ~m~~e ~:~i 
i~ :e~ulva:le~t ~o ~this :intenslt~ ~im-~s t~ioe ~:%he mimlm~a~ ~area of " ~!~:~ 
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"' :mamm~%um .and: : ~ , ~ e .  r e q ~ e  s~ a ~ m i ~  .~az'ea .:Of a:~ ~l east:. ~ e  
" ~ha% ~of ~;he ~oontz, aoted :seo%ton 'a&,~ns% ~ o h  foz'oes can ,ao~ :If 

*.~he ; f ~  ~ e ~ i  i~s %0 b e  oomple~el  7 deoe lera~ed  i s  :sometimes 

s ince  ~he :iu~ens'£~v .of ~pz, essu~e on ~he . , ¢r~;~s  : n ~ : ' ; ~ o r m ~  of  

!area i~he~e i s  ~a ilazT.~e ~ e a  ,of ~ -~1  *stmrolmd.~mg the  ,c~;~I .'~oe i ~d~ic~ 
~mue~ :%e suU~ eo~ed  ~.o *a .~eduoed p ~ e  s au~e, . :The 'mcwimmn ;tz~ensi~'~ 
of~e . : :~eduo~ion i s  a~ *~he.odge ~of ~he :or i f ice  equ¢l; ~o ~ h e ; v e l o -  

: p r a ~ c ~  ;'~zrbske .oonneo~ed wi~h , a  , : p i p e .  ' J t t ~  ~be~ow :the :~h~o~ 
" ~o~ ~he ~;~n%ake .~here ~s ~a ~ena:'.eoz~ra0~a ~whoee Shape ~" 

~he'~C4me~ons anti :~orms Of ~he :t~¢be~ke. tn ~eonCna~ 
~e~ i  ~'~'f.downs~rea~ ~oond~%io~s ,pern~.~ l e s s  ~han :a~no,sl~herio >~.es- 

~feo'l; !s~reaml~z~tz~ ~iooo~r :in "the .£'onn ,o~!shem9 edges o r  shot% radi~s 
.our~es ' , ~  i~o ~he ~equiremen~s -for ~ga'L-~,;:eeaJ;e~ ~e%o~,~: :~he ::reduoed *i! 

" ~he~d.;a~ :~he :ius~de ,of ibend ~ ~heo~e%~oalty n~ne.,%imeso~he ave-r- . . . . .  :; _~ 

.~ ,~e '!~ranms .zu f~,ont io~;~hose :~zrtakes o~er ~whioh-,~¢he s ~ e  ihead ;.i ! 

iBelow : ~  , i . ~ o ~  :of , ~  : i ~ 0 e  :~he .~ ~ e x ~ d s . . - , ~ s  ~J~olv -  e ' : ' " "  : " '::" 

e '. : !  ~'~i 

! / J :  

i. ;,I ̧ ~" 

& 

" ~oorx~s.sj~ondenoe 
-~.rio~~on ~coefT~ 

:30 - 
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-:if!the 'if~ioSion,looeffi6i~nt,~of ~%he'.m6del:~s ~'w~oe ~that ,:o~ ~.~he:~l~ro - 
~otype,%%hen ~.%v~oe ~as ~mauy <~ia~ete~s :~i, ll ~be ~eq~L%red "~for :%he ~pro- 
to%ype'~i~ ~p~oduee ~he ~ssme i ~ e ~ e  :~:in .,mmaent~. ~ e  ~obeer,ved t U  ~ '~the 
mo!del,~i.": ieu~ ~in~bo~h ,oas~ vi'l>l ":.be ..~he. , 

.~ same, ib~In~ ~given ~,by :%he. ~at6d :across 

sures ~are::noe ~,.umlform in':i%he p~pe ~.c~.oss :see%~on:~:~u~ modes ~of:)pwo:s- 
.sure <.~an ~:be ~.expec~ed at ~%ho m~Zl"l ,.o~ '~.%ho ~pipo:. , ~,Thoso ~woro ~not~iohd .. 

~ 2,! 

?.,.. i 

[ -. 

+~" i ~ 

fit 

:The ~mcment.s are.~iar~ely .~el~t. ~..~It .is ~in~erestlin~ ,~%o 

us ful~',t ol ~In" ..... ' " ~ .... o .o . :.hyar utxe 

siOZ~ ,~of ~:entr~e !Cos ses '_--has 
. ~e~mente l  ~tlata: ~o  ile~slze 

.. .~a~t .~ins.tall.a~ion :-all ~meaei~- 

< 

/" 
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. merits :of ~hydraulio Ll~sses ~,almo~t ,;~.e~ainlyr,::i~0nt~n ~a :~substant~ial 
;pereenta.  ge ~: o f  i~io es  ~/due itO : ; i f i t~ in~s  ~.u! 
- Oten~s  '~for :the ~.Bou~der ~ e x p e r i i m e n ~ s ~  
~Gtbson ~tes~s ~d~tOh~measured ::.the ~:f~te~ion f~n ~s~vez~l seot ions ~o~' 
~pipe ~ "I~D long...In~::one ~.ofithese.;A-8~,.:~be ~ s e o ~ i o n : ~ e  ~ looated  
~6, 7 ~D !bdlow ~he ~en~ranoo .~le ~for the ~othor.e !Sit ~was !looatod 

%ranee ~!!iasses for  ~this ~:eonneo~ion, ~:kn. own/as-~the!'~streamline ~ f i t -  
'~ingj"! eurve ~2-A.~ishows :~he =.:same Jfor ia .:aone :en~anee;~bo~h ~as ~de- 
-~ennined ~by,~:a ~C~mercial i~Hydraulie ;Laborato~= -~he :l~osses ~,having 
been~measu~ed ~about ~22 !D .downstream, The ~rdsul ts  ;are pl0t-~ed : 

;i~Qs , . ...... 
aEainst ~he ~ ~ . radio,Where ~Q .,:equals :i~he discharge in the"~branch 

au~l','. Q a ~hat .iin ithe ~pipe ",upstream ~r~m.!~ he ~dive~sion. ' '~ 

,~Abo~ !,theSe ~.ou~veg ~are ~:plot~ed ;losses :~for =s~newhat :similar 
fittings. !%he,work ~of other .ilabora~ories.~ '.Tho~ ~i '.the 'tests 
were: made .in i!.pipe s iOlass,ed :aS smooth, ~%he differences -iin~the-~re- 

:su i ts  ~for only  ~sli~)it  ohanges ~tn~:!the :form . . . .  ~of~:.~the branch ~eom~eo- 

~}ined"-~Junotion ::of-etude ;!I=A i but ~rh~;:seven~imee ~:~e :!loss., 
:S~noe !Harrls 9 ',has :Sho~n ~,~here ~i-s ~li~tle :,reduo~ion ~.~n entrance 

~C,  .~H,:~Har~i.s, ~Elimin~ion ~of ~Hydraulic Eddy ,'Current !Loss ~at ~In- 
,eriment ~S~a~ion, ~ U n i v e r s i t y  

n 

~ u l a  ~approx£ms~ely  ~:is 

3Z~' 
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:~! ~Loss = 0 , 5 0  ~hv where !DI ~'.~" i~diameter of Lbranch :.and :D 

equals '%~he ,~iameter iat ~t s inter sect ion :with :the mani- 
~: "f61d. 

.. These :differences, .i far ,too:.~Zar~e .to-be ~e~plazne~ ,by .ch~ug s 

:ently ~only~:bo ,~Idlnc~d as ~!d~fforez~es ~ i u  l-abo~atory!~toohniquo., 
~Mon~ion ~h~-s i:boon , ~ a e  ~of i t h e  :groat.~oXpOr&mont~l d i f f i o u I ~ y  !: in 
~obtaining ~preoise.~measurements :of~fi~ting .:~iosses, -Exami~tion 

~T 

i 

':%e. " 

found!by!~the ~Cc~meroi~Z :!Lab•oratory .~for i~+~,e/s%r~camlino ~juno~ion 
,used,~for/~hc p ~ S ~ o o k  ~mon~ee~ions i in !the'.pr.6_to~e,,, i0406 ~h v ~is 
mu~h:;too/~low~.and :%hat-~in'~;a ; r e p e a t  ~test 'a ; , ~ u e  .~or (~.~15 :to ,(O .20 
:h~"~would ibe.~found. / A l t h o u g h / t h i s  ~ p a ~ i o u l a r  ~-Juno%ion,w~s :.nOt 
t e s t e d  :~in -~%he ! prO%otyp.e,, ~a ~ e!s'~ w ~.:s : m : a  de i' . O ~ h e  ~m ~e ~ni~ 
:f01d ~pre%otype :'and ithis ,sh~d iEood ~ agreement ,with";the ~Bureau 
:model, rather than with !the ~itests ..of :.the '.Comme~oisl .iLabo~atory. 

The ~impor~ance ::of ~knowing, -.within ~reasonable ~.acou~ao~,, ~.the 
\~.~ ~total junction ~!los's ?lies ~in~the "fact !~hat .;frmm L!plate .i0 ~it ~oa~ 

• be  . e s t i m a t e d ~ : t h a t  :v~~h a .total . ; e ~ r a n c e  ~ l o s s  :o f  :abou~ '0.~18 !h~, . . 
some~ing ~like ~.O~03 :h v',will ~be lost i:in ~a :stretch '~7 %0 ~15 ~!D from 
t h e  . ~ e n ~ c e , . L ~ d  D~OZS~I~h v :fin <the i p o ~ i o n  i l oca t : ed  :bet~veen ~l~::and 
.22 I~D :downstream,.. ~Sin~e ~%he ~measured i!loss ,~a~ :about ~O~6~h~.i ' 
~these  . q u a n t i t i e s  , r e p r e s e n t  ~20 :to ',i15 :percon%j<Of : . ~ e . m o a s u r e d  ~itoss~. 

~There .is .no :objeo~in ~trying ~o~be ~:oxact 'in the so :mat~orse ~ " 
..The :~ost .:on ~%he ~modol ~branoh .~!is ~bolio.vod ~unsatisfaotory; ,~Sho 
~modol '!::rate -of •:lose" our~o~iTor ~this ~par.ticular :fitting ~:isi~not- " i 
~known !:and, : as ~..~r~l ~ho :~in'dioato'd , ~:~ho ~modol end ~pr.ototypo ,may 
~not ~perform ~alika. :!It ,:i:s ~:belie.~ed~ii~however,,. :that ~i~ ~a value.:::equal 
~',.to <85 i!perment of the :average':if rio%ion ~_coe~fiC'ient ~etermlned:  ~n " 
~the ,~Gibs0n ~es~s ~-on ~pens~ooks ~<N-3~, IN~5, ~and ~A,.7 ~be ~taken ~as the 
s~rai ght ipipe ~eoefficien~i, -<%he !probable error fin the ;-expe£iment~l 
'~:value ~w~l ~.be -of:[%he:order ~ef 4 ~peroent. 

:of ._the ~rate :of :dis Sl-- J~le ~it :~i~s beliexed ~present Lk~owledge ' 
pa.tion~of energy flosses i:~oes ~no~ ,~justify ~a closer ~.ostimate of ;,the , 
~fnie~ion Coefficient ~romthe..f.ield~ d a t a ,  other fact.ors-possibly " .• 
~:influenein~ .~he ~.mea.surement~should ~bei~n0ted. ~The :measuring :~seo- 
• ~.~ion ~in ~:A~8 .was ~seven idiemeters <.cl~ser :.%0 ~,.the. ~entra~ee i~then .~the 
%hers,. ~:Plate : I0 :,shows :that the ~eff.e.c~ ~ of~thls ,:would ~be -~to-:zn- 

' rease !the ~measured ~oss. ~This ~s~:conf~irmed, ~the {A-8 measure- 
-men%s :showing a'~5-peroent ~greater friet±on,coefficient-~th~n~the 
~ b a l a u c e  , o f  ~the "i.tests, Since, 'howevoz'~ ~, d u e  ~Otthc ~slzo ~ of ~the . . . . . .  

• c• 

-j 

ji 
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unit, less:water was~oeing .used, resulting in ~runni~g the test :at 
a.lowerReynolds number~ ~, this.~ao%or~may:alsohave influenced the 
result. 

qs Finally, the friction .testa were-made ~with variable~ 

_ratios., ~hat ,is, with-a~var~Ing percentage of the incoming flow 
at the manifold diver~ed it, the unit ~moder test ~but ~with~a ,con- 
stant ,amount \passing,downstream in;the m~uifol~. Plate ~8 shows 

that~fcrvalues<of~upto 0,20~, thereis,an.ex~remelyrapid 

decrease ~in%ho coefficient of entrance loss with increase in the 
ratio.. If entree. ~losslsdissipated in thcpiezomotorod see- 
%ion, the-.resul%will ~bo on,apparent decrease in the friotionoo- 
efficient with_increase in~Reynoldz ncmbe~, 

The mean friction factor given !by the :measurements :on N'3, 
N-5, and , ~ - 7  ~was f.= 0e0207, 'Eighty-five ~peroent .of this is 
0.0177 which :is :the .factor ,oonsmdered applicable i~for ,use in 
straight 15-foot pipe at Reynolds :~number 30 ..- ~70 . x  '106. 'The 
friotion,.ooefficients :applicable to '/~0,, 25., ..and 8~5-foot pipe 
v~re ~ obtaine~, fr~n %his ..figure, on :t.he assumption :t|mt tho ~coeffi- 
Oient ivories inversely as DI/5 ~.thms being the Tolationship ~of 
the Manning ~formula .and-more .rooently confirmo~ .by :Ni~uradso" s 
~systematmc tests ,.on.rough!pipe(7)for.application.~0 flosses " . 
where ithe quadratic law is appllcable. 

~The~following~able~contains :in column 2the ~,values of the 
straight, pipe.friction coefficientsused inderiving fitting 
losses-~Tom the ~1938 tests. .The-values .as actu~lly,measured 
which includeentrenoe losses-are tabulated :in.column 8, 

, i 

Pipe ~ 
di~eter 

8.5 ' 

13..,0' 

25.0 

BO iO 

~;~8S8 i~Friotion ~ Coefficient s 
, i 

Frier ion~ 
factor 

F • • rxotlo~ .of 
factor measuring 

mea~ure~ s e c t i o n  
4 

:aolmnn;3 :Notes 
~5 

~.0~0154 ~ . 0: , ,029 1 0 , 5  ~' 0~,46 A b o u t  o n e - h a l f  e x c e s s  

.~ ~iloss ~due ~to ~ie rods; 
~bal once bends.. 

i 
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.The'~differenoes between '.the ~.estimated :straight,pipe :friction 
~factor.,and i.the ~ ao effic~ients measured .:,Show.i~how ih~rd ~'t is :to find 
,:a .oseot~ion ~of !pipe Jin "~hioh there is ,or~ly pure 'frietion,.and %he 
~magnitude ~of .errors likely to ~be i n t r o d u c e d  if ~no correction is 
made .:for ~.upstream ~losses. 

,':Concluding ',.the, subjeot : o f  %he :fi old determination of .'frio- 
-%ion 'losses in.::stra~ight !pipe, ithe '.value .of ~ ~= ,0,01~7 found for \ I ' 
%he ,'l~-'foot ".pipe ' o o r r e s p o n d s  ~%o ~Manning, s :n of .0..15 .to a v~lue ? !~-'~' 
of 8o0bey, s Ks = 0,~75 and to Nihuradse~,s 'roughness ~faotor "/'~ 
:K 

= :0,00134. .The latter :~factor ~:ean ~be .:interpreted ,as meaning 

',%hat the !bit~nastio-covered surface of !the ~lS-feot .~pipe .was .as 
rough.~hydraulioal,ly as 'though lit ~had '.been coated ~.with uniform sand 
~t!grains 0,.~i :inch in-diameter,. ..Those !in -charge .of ~the i~emts ,stated 

 oint  ,readily vis'ible  in 'bit 
and ~^ ~--" ..... . . ,.y .- ul_ .~.~. ~ # o - ~ n o n  ' .recAsts-- ~under~aeath 

~,~ .=:~vu~ ,noa~s ,Irea~ly ~plnhoad s)of 'the ~girth :joln%s ,4 inches 
In diameter i!projeotod one-eighth .of an .inch. The writer, antici- 
pated a fric~ion.:ooefficient 'about ~one-half ~of these values and 
although ithe ..experiment~l results do '~not appear :entirely out ,of 
~:line .with ~%he .character .:of %he .surface Just desoribed# it is i.be- 
lie.ved ~ie ~value ,~ of .jr = ~0~0177 Is~ iif,.any~hing, on ,the ~hlg~.:sideo 
The '~lue ~ii s greater -:than that .:found -in : any~ cla s s of ,:oonerete ~vipe 
of i~equal <diameter :and .approximate s %he value ire 'be expected in~!a 
~heavy, ~fully riveted pipe. ~ 

:It ":would appear that .there ~is an opportunity for :hydraulic '~'- 
laboratories ~to .devise means for ~pretesting, and ~speelfying the ::i 
:degree ~of hydraulic ~roughness ire which penstocks .must 

" conform '~o 
-:be ~aooeptable ..under a contract. With ~one .~foo~ of-head worth 
$I10,000~ .considerable ::money ~oould ~be eoonomio~l.!y .spent to ~-re- " 
duos :friction :.and even if a ~reduotion :were .':.not ?poss~.ble, the ad- 
~rauce ~kneWledge ,of ..what~the friotion~was to be would is ':i 
terial savi -" " . " . " .... . ad . . to~ma ,  .. .. ngs mn~a better ~eoonomie " " " " ~:i 

-- mnstallation. .balance .ran ~ProPortmoning the 

~ % ' n . "  . l ° S s e ~ "  " P l a t e  9 h a s  lo~l:;e e n e r  ~ a d e s  ' . ~ . P d on i . t - t h e  
gy gr as measured ,both :in~.the ~model ~and the prototypa. 

"To t h e  . p l a t e  ~has :been added  ~the c o r r e s p o n d i n g  f r i c t i o n  :slopes. . ,  .~. 
:The d i f f e r e n c e  : b e t w e e n - t h e  s n o r e , a n d  f r i c t i o n - g r a d e s  a r e  ~ h e  
, e n e r & v  ~los:ses ,~eaused :by :.the e n t r a n c e  and : f i t t i n g . e  a s  : c o n v e n t i o n -  
:ally ~..oomputed. ~.The :most noticeable feature of ~this plate is-..%hat 
:~hereas ~in .the !model ~.%he ~ener~y ..and 'friction fades a 
"less 'uarallel ~-.~-- . . . .  " . .  '' g ~ re more or i 

-~ ~ ' - ~  .pro.~o~ype :~ney ~.converge ~.a~d then diverge -at 
~PmAI,..~This ~appea.rs !~to .iimp!y that .%he tot~l fitting ..loss decreased 
a s - ~ h e  w a t e r  : .passed down ~the p e n s t o c k ,  ~v&ioh , :could o n l y  b e  . t r u e  o f  
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~the ~nominal .losses,, ~that is., those based -on a Q ~h~m 

The irelationshlps ~between the fitting losses .of t'hs model 
~andi:prototype ~at-various points is "best shown .on ~plate 11 'which 
~plots ~the i~o~al ;fitting 'loss .at -each ~point ~as obtained iby ':sub-..:. • 
~.tracting ~.the *s%ra'~ght,pipe ~friction fram the.measured ..energy 
grade~,. ~t '.the ibo~t~n~has been .~plotted ~%he entrance and 'fitting 
losses as -assumed ~in :the preliminary !~esign.. The sum .of :the 
~total f~tt'ing losses :at .the ,end ~of .a ~'seet±on ~.7 D long ,~oon%ainlng 
at '.i~least ~:six. distlnot fittings.; a tower entrance.,. ~.one ~:i~o :bend, 

~ono. 400 !bend,, f o u r ,  i*noneperating b r a n c h  .ofl~akes,,- ~each '.with 'two 
12-inch tie ~rods :'in the waterway, and ,:one 30 by 25 reducer ~re 
.found to :be i'I.o,75, ~:I.00., .and O~,85":h~ for %he :design, the :model, 
:and the ~prototype# ':respectively. :The great .~improvemsn%-brought / 
about in.'.the ost'~ate of :losses ~bythe ':use of the model isovi- 
dent. The 15-percent :-less loss shown .by ~the.'protot~rpe :v~nile 
thought ~to ',be :significant, is loss .than the estimated maximum 
' error ~possible in :~he %estse ' The ~writer .oann0t i:ho!p continuing 
.to marvel :'at-:the ~-exaotitude of .naturo,~s "laws ~by".whi~h ~using ,ex- 
i*perimentswith .-2 "second-feet ina .6-inch :pipe., :it is .poss:ible to 
.te~l :what :will ~happen'!wi%h :20a000 . second,feet An a pipe .SO ~feet 
iii'/diameter~, ~//~.the ~!losses :at intermediate :points 'in .the pen- ~i 
:stock had .shown equal oorrespondenoa, no f~her oo~eII~ .on the 
'.tests would i.be needed. ~...That ,:.they ~do:not, either reflects on the 
accuracy ~of ~the ~ests or requires ,explanation. \ 

:measured in TelocltY!heads, ~Iso give ~he~peroentages of loss in 
terms :of ~the total iv~ioh was measured in the model. Thus 123 !D 
from the intek~ •where the:model,s%hews "..70. percent of the loss 
~-havlng. ~.taken .place, the ~prototype shows on/y :35:percent ~and .the 
i.design :estimate :~186 percent.-:If ~this acSua~ly represents the 
~facts~ .. evidentlY muoh ~:~Provement :in deslgnprocedure ~dmodel 
/interpretation is .necessarY.to bring the ~threo :values together, 

The ~ifirst ;measuremeut of ~he entrance loss .fin the model was 
;made ~at -a point ;12~=5 .D "below the intake~-the piezometric grade be- 
ring measured at-...the oentQr of :the-~tower :with i~;~a :siphon piezometer., 
~To plate ~ill !has ~been !transferred-%he detailed measurements of .en- 
trance losses ifor cone entrance, "A" of .plate 10.. These losses 
are plotted ~in ilpercent ,of ~the .:total iosae It is ~tobe no,ted that 
the entrance ~losses obtainc~ by measurements ,.made ~at ~arious dis- 
.tances :below-~he :entrance ~up :to ~5 ~.diameters :_show .:from.].l.1.5 .~o 58 
p e r c e n t - : o f  i the final " • a . . ~losa.e Stance %he tower entrance .undoubtedly 
acts .:in ~ smm~lar ~.manner to -the cone., the ,measurement of entrance 
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~ioss at 2 . 5 D  below the ~intak~, which/in the model gave a value 
Of 0,57 ~hv, yields no definite iinformation as ~to the ~ultimate loss 
caused by the entrance, ~he pressures farther ~down Ithe penstock 
being affected by ~the !bend ~a% :the ~base of the ~tower. 

An endeavor was made fin the model %e 0brain more :information 
• on the probable ultimate ~loss caused By the intake by,making a 
separate ~test inwhieh a ~straight ~pieue of pipe ~was substituted 
!for ~the :bend t the base of the tower. ~Measurements made at i0 D 

e e ~rom!t~m entrance ~showed an ~nor ased loss of about two percent. 
~However, sin~e ~this ~determination was made with ~wall ~piezometers 
whereas the ~pressures ~at ~2~D ~were determined with ~the siphon 
piezometer place d~near !t he center of the flowing stream in ~hich 
pc s sibly exces s ipros sure exist ed duo to 'the curvature ~of the :~ or, 
and since [the Jcurve Of nominal losses itends to be flat ~between 
5 - 10~D, no ~conclusiens can ~be derived. A guess maybe ~hazarded 
%hat the Ultimate entrance loss would be ef%he order of O.65 i h v, 
15 percent greater than the measured. 

~It is desirable at this point its ~review ~the ~rslatienship 
which exists between the ~energy :loss as measured 2.5 D ~below the 
entrance and ~the piezometzic drop ~in water ~surfaee Trmn the lake 
%0 that within the tower. !Referring its plate S, water enters the 
~tower ~radially and has to (be deflected ~through ~90e ~to flow down 
the tower. As ~a result, water within the tower instead nf stand- 
ing at an elevation equal 'to the ~energy head ~minus the velocity 
~head is raise~ enough ~to provide the accelerating or ~reaotion 
head (referenee 6, ~p. 92)~required by the change in dlreetion. 
Experimentally, the reaction ~head in the model was determined 
from the following equation K T + ;K R = ~ ~+ K e where from ~the model 

~K T = 0.81 = lake to towerdrop perhv, 

K e ~= ~0~,57 "= entrance !loss per ~hv, from.~which 

KR ~= Q.76 = r e a c t i o n ! h e a d  ~.per ;h v. 

~.This ~reaetien ~head, 0~,76 '.hr., cheeks .closely ~.%he mean pressure 
obtained iby ~integrating the pressures exerted ~by ~a ~je~ ,of ~water 
~striking agains~ ~.a plate, if the integration is only ~carried 
across ~an ~area. equal ~to ,that of ~the orifice, ~thcugh the ~entire pros- 
sure a~ainst ~the plate ~iis ~P = B,0A !h v. In the ~ower entranee 
~the~difference between these <two values, il;24A~hvmust act as an 
upward~ferce in ~the ~passagos of the intake. 

Making .. use ef ithe equation ~giving ~tho L.relationshiP ~botweon 
roaction , ~onergy ~loss, ~and ~piozomotrie ~.drop coo~ficiontsa ~using 
~ho ,reaction ~c o.offlciont ~ as .dotorminod ~in ,itho ~modol ~(0.o7~) ~ and 
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,the piezometrio tower ,:drop !measured .'for 'the ~,proto%~pe, (0~80; 
,'.'i19~8 -,,valme) ~the,~ field measurement ,:of ~the entrance ':I o s s ~at :Z,~ 5, D 
below ~!the' iintake, lis ~found :to ::be '.OoB6 :~hv, ":a :',.value '-.2 ::percent ,i css 
~'than %hat . ! found  ~in ~,the~mo~el. !khe -writer ~ c o u l d ' , w i s h  ~that :his 
• :oomparison ~:of :data ~mi~ht ~stop :here :but ~addi~ional ~data fr~n both 
~model :and : p r o t o ~ d p e  i t h r o w  :do a b t  .:on ~the ! p r e o i s i o n  ' ~ u s t  i n d i o a t e ~ .  

: C ~ e  "-for 'tower.. The ~m~st ~oertain indica- 

'by:the :direot ime~surmuen%s ~:of ".pie~'Ometric .:~drops ~.~.~rc~ lake to :tower 

tower.:,water,.surlaoe ~.eafd Q :is ,the ~dlscharge :in ,cubic ~Teet .per 
• .second :,,refer: ~d:to !,the.!prototype. :.The ' fol-lowln~ ~a~.e ~the ~.values 
~:of :CI found :~inJdi~ferent ~tests: 

~Values ~0f:~C 1 

Model tests :No, :2 ~used :~/n 
%his report, ~.m~n~of ;.5 

.@ 

.@.° . , 

J 

:Bul. :No,. ~2, ~.psm~ ~I, !.Boulder 
:~Final~Repor~s, p. :,98 ..... ~Mean 

• o f  ;all :measurements . .,.,~.,.,. ~ 6;5~0 

:~19~8 ~interpola%ed 
measurements, "1"~ = ~ 6,'340 

1938 ~ (most .accurate ~. of 
!pitot -measurements)~o~, ~ 6.,640 

" " 193 8 ~ . c u r r e n t  :~ m e t e r  
~ m e a s u r ~ u e n t s  -:in ~ r i v e r  6 , q 6 0  

~The ~:equs~ion :~Q = 6#550 ~\/ :.+ '70, best ~represents . ..., . .,, :~ ~, , ~.., . the 

:weighted ~results ..of -:.the ~field tests ,app!:ieable ~for :one itower ..,.gate 
,:open.: ~= he.,~equatmon:,~for ~.t~o ~gates .,open ,der, ived i~~.rom ~the ;same -.co- 
efflement, ,ands, making ~use ,:of--~.the ,~relatmTe ~.model ~.~!soharges .~xs 

~heBoulder~outlet~works oar, most eas~l~ be determined ~by :the ap- 
!pli@ation~ of :these ~equationswith ifield-measurements of i~the ~'!ake 
-itower :drop :and :with a~probable ~accuraey ~of :about i:~wo percent., 
~:Th!s ,is ,,perh.aps :better .~hau .,,could be, done .by .~s~r~am .: gaging :for 
~%he ::come c o ~ d l t i O n s .  - " a r ~ " '  . 

~Referr. ing a g a i n  : to  p l a t e  :!~i showing t h e  :Smttmng losses., ~th 
mechanism, of, ener:gy :.dis.~ipation :seems to ,be, as :fol'lowa..At :.the 
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,:.eo~fficlent..i'found'~ in'the -~pm~to%~/pe ~is i:~robably,~eaused~ by ~the . 
.... ~- ~,~- • ~. the/protot~e~as~"oompar6d:'to'.the ~:.smaller internal .~ f~ietion ..of: 

moael ~ and,,~o ouldi~be -.e s~imat ed ~; if :, rela~ ire : £r i~tlon ~'faot or.s ~ero 
~:predotermined. ~~Below the ::~"thr0 at ~ the i 1°wer ~straigh,~ ~iPe i!fbiOt ion 

.:mentum ::,th~,~>Oe surfed -!u":t he mode l',~ith, the ".,,r es ult ,that ' the :.Pr ,o-~ 
totype 'om.~'ve.~',.dfZlosses ~ is shifted ~.!downs%ream: somewhs~ '! in!~propor- 

.--.tier. ~t o?_the rr ela%Ive ~i frietion~e oeTfi O ients~ 

~Referrlng to ~:..%he ~upper part of,~plate ~ i. 
:~ fir st ~: shows "?the: me a sur ed ~ I o s e s .~i f ound ~ f or ~.i a :~ me de I .~ith ~:,a -e o~e ~en- 
!trance ~and ~the ~:: second, ~i:aoc or.dln~ i.t o:.'%he i propo sed~hYP ethos is, ' the 

the ~:friotioni::ooefficiente ~It .,'mill,:be ~:seen~that~,~aeP encen~ on'...~ne -., 

.! d i stanee ~ ( diameter s) :below .the jintake ~: at ,..which. ios ses ~are i:meas- 
:.:~ured, ~!:the .:.prot otyp e .'~ oul d~. show ~. E~eate r ,. :: .%h e :~ same., i: or ii le s s ,11o s s e s 
~ than ~.it s,..model ~-ia~ :thaiit: would ~have !.to ~; have ~?a ;Ereater ~t oral 
llen~%h"~ if ~it~,~ere?to ~ finally.~'reaeh'Lthe ~-same~%etal i loss:, ~,It i :has 

.been .suggested. that :,the .~.formula ~ L~.=,~:~O ~'7 R~I D ,i'expree ~-~S~.-~he !len~ " 

.~required ~',to !i fully idevelop .turbulence ~ in!smooth i.pipes ~ ~ ~ ~ ~ ' 

>Z 

ZIOS ,'i~Goldst ein; ~ Modern!'.Deveiepmen% s "~in i:F1Uid'~ Dymemies .~ . -. 

;.A .similar fformula ~is ',.required ~..%o .>predict ~ the~:r~te.~,o f ~ le ss 

.~'i.fromffittings. ~ 

s~ seen :that...-oorresponding ~to 
s se s'i~measured Lin tthe .'pro to -~'- 

.... ,t~e~:~..are,~:,r e!at ively~muoh ~ le s s ~ .~an~ r ou nd '' in~:the~modei~ iiA~b I~P"A!'J, ' 
• • " n l  ~,half"th~t 

" the ~first i~turbine~penstock,~,the~ fitt~n~.~.Ios s-was ~,.o . y~.. __~ , ^ 
Te~istezed ~! in~ithe. '~ model i~and !about ~60 ~ percent ~~of !.that ~at~:~ AG. : un 
, the~,~other ?ha~d,,i~those ~,:ar~e, I nominal i!Iosses ,~and .whether ~ .energy lis 
~.available~ for :uselin!~kine%~c : form.~or.: whether ~-,~all ~.p~es sures ~are 
~.in~exoess~of:.me~nTp=essures~at ~.:prescntlis ~,unknown~ • i ~ , 

• --~equivalent ~diameters.i~ifrom':..the-~entranoe'Lthe 
.percent i:o f%%he ~, moael'.~s-.los s :~ but ,, ~ith ~:the ~iin-.,. 

i 
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'It ~ s ~th ought ~%hat :'in ~ a ;.long ~ penst ook 'the !loss ' woul'd :equal 
i.%hat :?shown ~:by the ~.model :lu: accord with ::the :equat ion.' .~for .:shock. .. 

:lOss 'iprovidin~'~the equation ~was :~appried ~to'each 
fil~ent "o'~.~wa%er ~istar~ing ,at ~, the ~s eo*~ ion' at Vhich ~veloci51e s are 

a ~'maximmn ~ 

LThe ~measurements '.at/57,:equivalent: diameters intake 
the s r o t  a pr  tho !lo s se s to ~..prov~de 

-~the"various i~fit~ings, ":iThe~.table.~belo~ shows .the design, :moaeA, 
and L.prototype ~losses ~ segregated i:!in acoord:.with' the_ :ju~gmen of r 
-the>writer., JThe .~item. ell me st ! general interest :iis ..perhaps :the 

~narily assmned .~for :such.~ a ~'ease. 

~:En%r~nce 

"~C'RrSti~te~":LO.SS :in..Fittlu s :from .Boulder .Tess 
"~.~.'~] 

" • " 2  - 

~z~zo,~ ~il ' a . s ~  ~h v 
a.4o :o,.o8 

~8 -- 112" ~tie :rOds o- ~20 ~.feet 
i~iong across ~.openings , .'.0 A20 - I o~I  

. :Branah ilosses. 1Plate/9 L shows %he ~:energyi~grade/for ~the ~iloss 
! t h r o u ~ t  ~branoh .~ o onneot  i o n : ~  o ~V-A1 " f o r  :~IO0,peraen% 
diversion ;plotted .:.against -equivalent ~diameters, ".that ,lie, .The 
i~l~st ;2o2 ~D~ 0f :8"foot IPiP e iineluding "~the :reducer ~ has :Lbeen ~length- 
- ened ~ tO":2 &7 ~D -' to ~give ~ equivalent ~:8,5 I~D ~los se s. The ~ energy Tgrade 
.was ~measured: at Lthr.ee ~. points, -.the -uppe~ ~ and ::lower ~ piezometer , 
,rings, ,and:the ~pito~t Ltube. i!Tho if its5 ~t~o :~rcpresent ~nominal en.e.rgy 
: ~es ~wher.oas ~%ha~.!at '~itho ~. pitet ~ tube ~i s -~hc ~truo grade .~being ~.~ne 
~mean~of!.the :~impact ~readings~ iI% ~is LShou~oht :that the ~sharp !break 
%in'Lthe :energy i~loss !~ine ~in ~a Jdistan~e ~ of :~2.&? ,-equival ent/diameters 
/!just ~inlfron% :of~the ~pitot ~tube may :iindicate ~that Ltd. ~energy ~grades 
i determined !by ~:adding:~me~a .~ ~elo eity i, heads ,%0 ~all Tpres sure s give 
.unsatisfactory_ .,-measurescof.~.iener~j ?head :'in -large ~installations ~her~e 
u~eqt~ I ~,ve Io e itY ~-id i s~r ibut i ons'~, exist, ~ many d i ame t e r s ~b elow ~th e i:'d i s - 

?%urba~oe,- /'A t~eompar i~on ~ o f  %%he ~fr..ioti.on ~:and :-.~aer~y. gr.ades on  ~the 
• :drawing i, shows Ltl~ !here, as ~in,iThe :main ;penstock, the ~loss g~6 D 
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....: .....:,..." :/-<•?~ ~'~i re'V• ::!:.":'~:..~C:~ :'. ~'o : 

., from :..the ~throat ~,IS ,very,.much ..~ i e s s -%h an ,.the ,total ~.and ,,that• i t he . :.... 
::eurve.,i'O f ~lo s se.s'! i's ~:!'displaoed ('downstream..~as ic~mparea !.to .~the :.model, ~ . 
.:.On .%h'e ~'.:other.~.~, the i sharp '!.breakiin :the... energy~:~rade ~-at/the :i::; ":-i~: 
• :jvalve ,:sug~est's~t'he iipe.ssibilit~:tthat::~/Zis ~apparent ~:change iin~tper~. . 
- f o ~ o e  ifrom~%he ::m~e!,-~ be%l/:J in :%his ~ o a e  e ,: and- in ~ the :. main .~p en- 
'. Stoek, .~m~ght ~ b e .  . . . . .  'eaus ~d '~by ,wall ~pressures,. ~.bein. g..:hi g her"than .the 
;mean~aeross:%he ,seotien...The ~nmuerieal: loss-.w~s .:.Of':.the ,order ':of 

:/-: 

Iii, 
%he:model ./ on i:.pl.~t.e ~ 8, ,e.~,~.e~ ;@i and:.&, ~The ~latter ~•is'~. extrapolated 
Ffrom:a .single :iser.mes ~:of  .~tests~made :at.. ~s ' =,0,17. !.bymeans . d r  

J 

volves ,a Sfrietion/f..aetor .: determined by <formula :~rom ~:the tests : on 
~%he iilS-foot:..penstocks, ,iit~ma, y:be.much in :error ~ b u t  .~.again.~there. ~is 
."a~eemerr~:wi%h.the..:other.ttests ~.i~ .:showing;less ~:iosses ~in ~.the ~p~o- 
-retype ::than ,t i n ~  the_,model, 

:.~alve ~:co ef ficient s., i!The: e qu~tion for. di-sohargo .throug~h ithe 

-(.~alve ~. as ~determmued 'by-.:the ,~e quat men ~ Q ~ = ..CA ~ ~:~.'~ .: for " whie-h; 

.... n~ 

':coeff~oment ,of :disoharge ~=.. , I~ 
" .-. :- ' ,(K l ' ~ ' L o , ~ '  

.~A = !gross ~ area ;.-of ~ outlet ond-O~ .~.valve 
H "r=~ mean<energy~, head ~at iinlo% .... ' • 

)K_ = / c o e f f i e i o n t  .:of -total :~onorgy i~io ss ~vtithin:.valvc ~ p or ~ moan 

K2 =,energy-:oorrection~factor per/meam .,veiooi%y~head ~at outlet 

• ' ::Experimental.ly~%he:,..coeffioient!"'~C" ,was :determi~ed:~for :,%he 
.. ~mo.de.l ~:iby~measur. ing !~he ~'di:s cha~.~e 'and :the~ pres surge ~inFfront ~:of .i.%he " 

:,~,valv.e~andii~ding~to ~the lat+.er-~theimean~loci%y head,to.obtain' 
~'"H~,'.-.i In.~t he ?p,~to~e '~V~'-i was ::determi~d- d irectiy :!frmn .~the :mean. i. 
-...:.of' the ~impae%.~.readi.ngs,:. ~.Normally, .:since ~-H :?i.s~iarge,:an~d., en~.~s ..... 
<the ~:.equation-:us ;~he ~square : roo~%, ..letters -ifrom i~,i%s ~:determin~,ion - 
~ar.e sinai1. ,Bur:It ~:'~hould: bc~;-n~ea :~hat,~.or., models ~.wi~h :low!.heads ~ 
~.,amd - snail PiPe, .~nczle:c~.-of ~%hO -cnOr~ tcorroo~i.on ~f~ctor at :the j°- 

:/~Ci'~.~-~-:/i, ~ ~,..:.-:.~ ..... 

,'j,~ 

~5 
// 

! 



iinlet:, may make !the~:coefficient ~':tno~high: by- an ~.amount ..of :the. order 
o f ~  o n e  : p e r c e n t .  

Re~er~inE ~%o '~.The < ¢ q u a t i . o n  defining ~.%he ::ooef~ioient ..~in terms 

• :of:~fundam~tals, .C ~'=-•~~' ' " .:it..,:ean .be ::seen:that ~.it !)d~-- , 

the .equat ion:-oan be iput .:~-~%he ."form :of 

2: / 

~~, t " 

. ° 

~Taklng ~a:mean ~value;from :%he: model tests :: Of :<C ~= TO iV7 ,and 
:e s,timat ir~ i the [friot ion ~, Io s s ~:throu~h,i,,th e ,valve :~ in ~t erms :o f the 

-tn~o ~.idismeter S ~ of~smoO~h :.pipe ~.:at ,~aTRe~61~as ~ n u m b e r  ~ Of  ; 3 0 0 , 0 0 0  
• (0,035. by) ~.and~assmmmg the ..loss ~.~oaused ~.by. ozght .stay wanes- as 

L O~g~5!~hv, tthe .: equat ion .becomes ./!C k:.=, ,i ~62-~ 

~The:.numerator:. of i%his ~, e~uation~:.corresponda %o ~ the '~.ener~y 
,icorrection:;factoT ~for~the ~io~lete..It ;~ro~yccheoks :~ha~ civen 

by! Williams i (7) ifor .~a >bend ~:wi%h~,~_ ~ =,~0 ~ 8 0 ,  ~ a~. ratio appro~i ma%ing 

i that used.~ in:.~he -~desi~n :.of ~he .~valve. The ~fraetione~ !par% ~of ~.%he 
enominator, ~;~.peroen~, ~l s ~::a-,~ar~abl e end ,"depends ~on; the ,ifrlo~ .... 

!%io~ ~los%gs.Lwi~hin~%he.~valve, ~It,. can be. seen.~%hat ~ i : ~ b ' , ~ 8 ~ l , ~  

: in %turn~ ~nerease: or-~deorease i!~and~er, oent. .~These , .-are i.the _or- 
der~.of  ~,va~iat ~'ons ~ ~hzch, were ~ zoo#.. :  zn:  ~he~..moael ..aria ~ o t o t y ~ e  ~ and 
.whz ah .: man ! .be ~ ascribed ~.to cohanges i~2 ~:'!,f'' .'.with :va~Yiug TR~olds 

~ n ~ b e r  • 

. 'iThe ~ h i g ~ ! Y  ~ n o z ~ u i f o r m  "ve l o o i t y  d i s t r i b u t i o n  ! , t  -: t h e  cou~ l j~t  
:. i n d i o a t e d  ~'~y~i~he .~value : o f  ~..X2, ~ .ooa~ i~med i . ! inc iden ta I l y  i n : ~ h e  ~oare . . . .  
f~,ul ~:explg~a~ ion:, o f L%he .~ .pressures ~.and ~e l.oo ities .in: a ,i.Pelton:. nozzle 
-bY. i Tenet ~II) i whioh:i:,all ii.iu%e re ~ed ;~ in-~,valves :.should :iinve s%iga%e, i iI~ 

i m i I ""J " 
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.!implies ~.al 'so  ~a ~1 argo ~ reduction ~in p re s sure ~ o n  , t h e  ' i n s i d o  :Of~the 

bond which Williams~ ...... ~givos ~as ~6 ~hv ,for~.'~- ~=,:D 0~8. :T~s theoretical 

value iis, of ' co ur so, ~ great ly ~r Odue ed i by i fr~ iot ion -and ,~oan ~only iTul- 
~ly(develop :~in:a :~bend < of ~!arge, cent ral ~:augl c. ;However, :at ~tho ~: out- 
let ~o~ ~,thc Boulder'~valves, ~a-: negative '~pros sure ~of'~OQ232 h v was 
~ measured, the ~zono ~:~oT ~negative !pro s sure. extending ~as ,/drawn ~on 
plato~l in,the ~re~ion~of/tho ~£xlloted ou~let. ~Comput~xon showed 
that ~this ~valuo ~w~ll ~ approach ~a perfect ~vaoumu ~with ~:a ~ ~head on itho 
prototype :of~ubout ~200 !feet. i 

~ It :has ~! been ~ state~d ~that ~the ,energy ~ correct ion .!facto r ~f or ~ any 
given :ahaped~valve~ends 'to ~remain~ e onstant. ~ !This .:only ~applies 
as long as ;~no vaouum,~exists. ~Where it does, the, effective '.water- 
way/decreases ~i and~ ~the energy,:c orrectien/fa~tor ~ increase s, result- 
i~g ~in .~ a ~'deorease ~in the :~di saharge ::coefficients,, ~ (On plate 17 ~have 
~been ~plotte~d :theivalve discharge ~ ooeffi cients, ~oCv. !For ~the model, 

it iis 'computed tthat f~ull- vacuum ~i s .reached . a t  fir ~ = ,,~4'~/x ~iii06, and i at 

a ~value ~.~Of,16 ~x ~167 !for ~the ~prototype o ! (Reynolds inumbers ~are !based 
on ~.~%he :outlet ~diameteroo) ~Fromiplate 7 i~it is seen ° that the curves 
~show!ng variation !:in ~the valve coeffi oients begin ~a trend (down- 
wards, somewhat ~befo~e ~reaching ~these values, ~and ~th~at ~they~are ~ 
in • good. a~To~n~nt ~ith one ~ anothe r~ -~ 

Plate/6 shows ~he waive ~eoeffioients/for partial ~gate Open-~ 
~ing. iNeither~the~model nor ~the ~field work was accurate enough to 
~evaluate ithe oausesof the (differences as :shown. Lit ~is believed 
the~relative/eoeffioient ~s ~found ~in the ~1937 itests~have ~the ~greater 
accura0yo 

2 

'~.The/following ~:conolusions, ~bj eat 'to ~the ~ limita~ions i~of 
test s,, can ~ be ~tentative!y~drawn: 

(I) iPres sure~ idifferenoes measur~ed ~ clo se .~to ...or ,within ia :fittin~ 
s uoh ~ as : intake <drops, ~valve ooeffie ient s, i!bends, ~ ~e~c ~/; ~reprodmee 
• a~curat ely ~from ~model ,ire ~ prototype ~ providing :smal I, com~eotions 
,for ~internal ~frio~ion ~e made, and prov~dxn~ .vacu~ .does . n o t  ~exxs~ 
~in either system. 

((2) ~ Model i tests ~proVide ithe ~best ~ means of ~estimating flitting 
ilosses ~in~installatic~s such as power ~plant ~penstooks where ~the 
influence of ~one i~fltting on another ~msdces ~results derived~frmu 
itests ,on :single fittings inapplicable. 

L4~ 
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:,~(3') ;~OdeI  : ~ e s t s  : s h o w i n g  ' r a t e  ,:or : f i t t ~ u g  : ' lo s s  a t  ~ v a r y i n g  ~hydrau, 
~lloi!~rad:i~i"~.bel0w ~a .Tit~mg ~,.wi.ll .not reproduce in"%he ':proto%ype ',un- 
less. the ~-rlet~on :slq~e...~s .the :same~ :Though :~It~uately ,~he .total 
.~los.s.:may!be ~e~, ~~rme~iiate:.~losses ;~will gene~lly ~be ~loss ~han ~ ;:i . 
found ~in ~%h e :im6idel .%ests~,.".the ~peroen~age r eduction va~g :wi~h 
:the i~point .:o~f ~me,~s~11~em~t, ~d :the :~r:Iot~ion .coeffio¢~en~, The maxi- 
mum ,difference ~ms ;about .!50 ;percent/In %he ~Boulder- ~tostm., 

:i(~) :Qt~lCta~ive ,results ~In the ~prototype 'may ~differ .from those 
.fin ~:~he ~modeli-:for iistre~ine "fittings and..shapes -and :for ~oases :$n-. 
which vel0oity "dz~stributlon ~upst~eam~-affe0~"%he ~fit~ing '~oss~ (12') /. 

i;1-2yarnell.,~ ~D~d ~L~.I ;Flow ~of '.water .through ~8-~n0h pipe ~bends; . 
Teoh. ~BUI.,. :No~ ~57.7., ~,U~ited :States Dep~ent .of Agriculture:. 

• .~ ~, ~"(:5)~iReliable ~ - c o m p a r i s o n s b e t v 2 e n  m o d e l  and p r o t o t y p e  c a n n o t  be 
~. : male :w~thou~ ~addi~iom~l knowledge~as ,ire -the ~relationsh~p 'between in- 
~,te~ated;i-i,V@leCi.~ies ~,~and pressures :"~':di~measured mean velocit~'es an~ '~ 

~distribu~ions exist.. ~Nor ~can :,fitting-~losses ~be accurately ~0btained 
~':from :the ~;proto~ype~unt~i ~a:means::is ~:devised .'.for .obtaixLing ,~he frio- " : ' 
- t ion   ::eoef2iQient, .or ,  roe orror.s / introduooO 
.."fitting losses. . . . . .  . ~-- . . . . .  : . . . .  ~ -  

~('6) Reducers of 0,~.9 -are~ ::reduetion~ratio 'were :not :found suffi- 
cient -:to 'produce ~a ~.uniform~:~ve,loc~ty 28 ~D below a ~branCh in ..an .8- 
foot ..6-1inch ~pip.e~ ,The ~,mean~\velocity.~was :.~our -.percent ig~eater in 
~one*half. ,~he !pipe ~%h~n .in i t h e  other~ 

k 

. k  

. i ; ~ : . ~  ¸ ¸ - .  

. . • : 

' 7  
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;TABLES 

~TaSle 
:No. 

1 Pit0t~eoefficients:Cp. 

2 

3 

"5 

6 

:7 

~9 

Effect !0f ~pi~: i::and !yaw on coefficient :Cp. 

='1937 ~measu~ements :~Of ipiezometer stations. 

)1937 ~pi£ot ~traverse ~in ~-AI v~Ive 95.percent open. 

1937 data ifor ~va~ious ,openings of V-K1 val~e. 

19~8 ~piezometric:drops from:lake to :mean :of ~P-A/and ~P-A6. 

1938 ipiezometric drops from P-A6 to V-A1 ju~uction. 

~1938 :dr0p ~between ~piezonctric :stations. 

Summary:of 1938 ~secSion and total drops Irom lake 
:to !V-~l/junction. 

~,15 

" - ~16 

I0 ~1988~pitot~raverse:in V.AI valve 94-percen%-:open. ~ 

Ii I1938 piezometric rise in valve~manifold across 
~dis0har~ing valve :branches. 

',12 '~1938 !drop ::in • energy ~gr~de .,in .dead ~:end ~o, msm/if0Id 
after ~:lOOTpercent ,~ diversion 

13 ::!1939 : pitot ,traverse _d~%~ !for ~V,A4 ~valve ,95-percent open. 

~,1939 ipi%ot ~traverse computation Tor ~V-A4 ,val~e 
- 9 5 . p e r e e n ~  open. 

1939 data ~for ~parti~l <openings • of :~-~4 ~v~Ive. 

71939 -,true ~mean pitot ~pressure-head •elevation for 

.1939 : ! . ~ o w e r  ~ischarge for :par.ti~! .openings in ~.A4 ~alve. 

L939 .val~e coefficient ~of discharge, C v, 
~for :parti~l openings !in ~-A4 ~valve~ 

~19 (Comparison. of ~pito~ igaging :data :,1937-8-9. 

20 Interpolation for ~1958 :.discharge. 

:21 ,1938 ,~relative !flows !in ~,V-A! ~d :manifold !for various 
numbers .of-~ives 9 P e n .  

:22 1938 ~hy~raulic ~losses :~based ~on !interpolated 



?~ABLE II 

Pitot Coefficients (Cp 

:See Plate No. ' 2  

j ~  

. .. . , ;~  . . . C o . r r e o t ~  ns ~. ; D i s t ~ m o e  ! Rating ~i " . . . .  "o 
~from;v.~l]:! channel i lVelooit~ ;TurbulanQe ~and i Obstruction 

~Inche . s .  ! Radll ealibratio~.~radient curved Streamlines. !in ~ohannel, 

~i ~ . 

l~-i/le 0.29 
,w 

0 . 9 3 3  

0 . . 933  

,~ " " ~I . ' , 

~| 

 o.o o .... o , o ,  

0.010 !, 0 ; 0 1 9  ! 0 ; 9 6 2  ; 

' . B  

TABLE ;2  

Effect 'of ~Uitch and Yaw on Coefficient ~Cp 

• :See Plate iNc. 1,2 

-O~ e 

~e~cee s Ii 
• i t h o u t  ! . . M ' ~ h  ~ . , w i t h  i" 
: : s t r u t  ~, , s t r u t  ~ ~ , s t r u t  

,, , , , , 

i o .9481  ~o.994 ::o.,9z9i/ 
' i 

i . ! : 0 , 9 a 7  :, 

! p e r  r . i n ~  ~.~ 
. ! P i t c h  
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Points 
,on " 
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TABLE ~3 
!1937 Measurements at Piezometer Stations 

:Relation:0faverage 0f~recor~ed~readings at ends of 125-foot section 
in v-AI ~and V A6 to number of valves open. 

i ~Number i : 3/-AI ~ ~ , !  'V~A6 i ....... i. 
[ , ,  , 

i Diff., of valves , Upstreami ~ Downstream ~Diff. iUpstream! Downstreami ' " 

~1 t ,~ : 9 7 4 . 9  ,i! 957,~6 ~: 117.3 i 9 6 9 . 1  : ~ 9 5 3 ~ 0  ' 
: 2  ~ '!97S~:5 :i 956~.4  i 1 7 . 1  ~ :967,~!S ,~ : i9511,2 li 1 1 6 . 1  

; , 3  , : 9 7 0 ~ 6  I ' 95S~8  ~ i16~8 1 ~ ~ 9 6 4 , 6  . . . .  9 4 8 . 9  i~] ' 1 5 ; 7  
; " , 9 6 9 . ~ 1  ; 953~I ! i~16,0 i 9 6 2 . 7  : '9~7, ;2  :~15~5 , 

• : 6  965.6  I 948,S i ,~'15,5 :'~ :956 .4  1 9'41'~, ~!5,0 

TABLE :4 
t 9 3 7  !Pitot Traverse in V'AI Valve 9 5 - P e r c e n t  ~0pen 

Traverse is !%aken lookin~ dovmstreamand ~reading from ~left to right. 
iL ines /A  und.B~are<on d i a m e t e r s  a t  ~r ight  :an~los  to  e a c h o t h e r  a n d  a t  
:45:degrees  w i t h  :the h o r i z o n t a l  d i a m e t e r .  L i n e  B i s  above i~ine A on 
lef~ side. i No :;corrections :have ~beon~made. ~Reservoir elev, = 10S3.0. 

Area =~9.97 sq. ft. 
Av$. velocity =!65.5~ft. per:see. 

~alve~oef. disoh. Cv=~77.60% 

t ~z.5~ 'o;511 56;7 ! 50,.0 

0,957 465.2 
35.7~ 06962 67.6 71.1 

0.974 ~ 63.2 62.1~ 

o.974 i 6~i2 62.0 58.8 ~; 
55.!1 ; D . : 9 6 2  i" 67. ,3  , 70 ,4  

54 ;8~  , 0 , 9 4 4  ~ 6 2 . 9  6 1 . 5  1 
~ 2 . 6 ; I  ;:0.91! ! 5Z.4~! 51 

5 Y . I 8  0,8514 : 1 6 3 , 5 9  6 S . 1 ~  
! ;('1)0.95 63.9 ;, 63.51[ 

Average from ~ b I e  i 

4 1  ~ " / ~ . / . "  

? .  • 
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N0~ES (~abze "5) 

~(~I~ Add .one foot %0 all :readings at:both ring piezometers in V-A1 
• %0 correct for gage ~zero setting 'as determined graphlcaIly. 

,i(2) ,Add 0,.5 Jfoo% to ~both impact and pressure-head pitot readings 
to ~correct .for gage zero ~setting as determined graphically,,. 

(3) Graph imdicates this reading to be one foot too high. 

0.78~ ~= ~(oel,. 9) x '0 . .869.  ~3E)2 ' , 

~i(~5) Estimated loss ~from 'lake to j~mction of V-A1 with main conduit = 

1.8 h v x :( S--~.0'8"5 ~ 4 = :(col, 'S) x ,,0~0116o 

(6) Valve coefficient (C v)is rati, o of :discharge through :8.5-foot 
Pipe ~(AI'),, to dlschatGe through outlet,end of the valve 

ere tRe area :is 88.5 sq, ft. (;'~2~ or 

C v =AI ~ " I' ~ 0 X ~' ,C i, S "' 1/2 

I 
~('~7,) Net diameter for ~8,'5-foot pipe assumed tobe 8.,48 foot 

because of -b'itum~stic coating, i~o~ = 56, 5 square feet. 
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T.~:3LE 7 

"..-19SS'Piezometri¢ .Drops from P-A6 to V-A1 Junction 

" 0 0 

• . |  

i~ , ! | 

r 

'="~ ,., , 0 ~ 1 0  ¢1, ' 

i;~ ~',~ ~ , 

~ e2 
i 1 .? ~ A . . 

0 

0 

I, r I r I,,.. ,o.. ' 
~i°.~,~olslo~ r~: ~ ~,.-o118.,, o, o6~1o.22~ o.15 o.°, 1o.oi , 0.6.. 
2 , ' t . 7 8 o  !.,78o i ~ '7.o00 l O . O  o . s z ,  o . 6 s  o,~5~ 2 . 7 5 .  0 . 0 5  ] 2,.8,, 

• I 

::n, loo1675:zo,425~ o.i i  o.88 1 . n l  o.:99 5.71 o.l~ I 5.04 

4 it14,.-220 ~:20 ~ 1 3 . 8 0 0 i  2J91 0 . 9 4  1,98 .I 1.86 I 

i ! , ] ! s ~l~.49o~ 40 ~ z T,zso~ z.91 0 .96  2 . e 3  2 , 8 l  1 4 , s 6  o . s 8  i z4 .~4  

!i 20.670 ; ~  ~.~, . ~  
2 0 . 3 7 0  ~ "" 0 . 9 7  3 , 9 8  8,86 20 .16~ 0=,54 20...7. 

-* Values inte.~pola%e~ Columns 8-and ii ~plot%ed .on plate :3'; " 

" TABLE 8 

1938 Drop~.~betv~en Piezometer Stations 

Drop ~5et~veen piezome~er rings at ends of 125-foot section 
in ~-AI and ..V,-A6 by mercury manometer. 

~al~eS p" - - le zometrlc 

~ ft. 

V-A6< I 100 '20.94 

i k 

! 

I 

i ~ ~:i ~ 
2 

I 

t 

~ i ::~:!!~i:i~i~l - . ~: 
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TABLE i0 

1938 PitotTraverse in V-Al:Valve .94-~eroent  Open 

' , T r a v e r s e  i s ~ h e  r e s h ° ~ n ~ l o ° k i n g  downstream and~rea~in 'g .~rom . l e f ~ t o  
: . , n igh t : aboUt  a h o r ~ z o n t a . l a x i s . '  .iLines A a n ~  B a re  o n ~ i a m e t e r s  a t  

r~ght:~ang].es~to~eanh~other.and~at~45 ~ o ~ r e e s w i t h  ÷ t h e : h o r i z o n t a l  
diameter,. :Line A~s above ~l:ine~B'0ntho lef,t s i ~ o .  

from 
, Imuao~ !| Pre ssure :head 

~ r , t .  i f,.t,. T t .  ~.L ! f~ '  ;~ ; f t .  f t .  ! 

mpactil ~P :I '~"" i 
minus!l from I ~t. I hv 
,ross.!l ourvo I ~or 

~lato 2 '  " !l f t .  
13 

96 

, ~ .  I n ~o~tt~ g 
~,~oente~' ~Iine 

i I I ! i I Z059,,5 ::06Z~5 i1061.0 996i8 996..8!~ ~996.~81 6~,.2 ~: 0,911 I~69 .1  ', "?~.3 
1063.,5 .061~:~ ;~062~.5 ;995.8 '99&.8~ 996,.3 ~66,:2 i 0-944~ 'I ' ' 0 .95~  106~,5  L~063~5 ~106~,0 ~96r/.,.6 ,997.8~, 997,.B~ 6 6 ; 2  i 68°2 : 72.5 : 
",064"r''5 L065;~ ~i065~0 998,.( ,',999,. 8;~ :999,,3 ~65~7 ; O . 9 6 ~  , 6 

, ~00~,8!  . . . . . .  0 .9  ,64.6 

1065~5' ]~064.'I 106~,,( ~100118 1001~81 1001.8 i  62,. '2 ! ~0'972 :~ 
~06&., =, 1063'J 1 0 6 ~ 0  -998,8 ~998,8 998,8 65..'.2 i 0.,964 

l t06~.[ ,  1064," ~,106'~,,5:995~;l ; 9 9 6 , , 8 : 9 9 6 . 3 i l  68,.2 I 0.;95V '69.2 
].062~li 1063.1 1063,1g ;998~1, 9 9 6 j 8  ~997..8 65;2 i 0~:94~ 68:.6 
I06~.a ~060, ~06~,0:999,~ 997~. :,Joa,8 I I  

• 

iI~ ng.~_S i306S:3]~,1063:-3. :998;7__ 9 9 8 ~  :D98,6~ 64~.65: '0 ,9§~ ~ 

-/ 

A r e a  = ~49 -~ 97  s q .  ~ f t .  
~Average v e l o c i t y  = 67*94 f t .  !per s e a .  
~;Q = 5,395 c.,f.~s~, 
V~l~e ~coe£,, :of discharge = 70,~6% 

N:B. ?Q = 3,540 :e.f~.s. Trem ~interpolated values table 20 

(i) From 64.65 

67,4 70 .~ '  
64° 8 

65.1 65.B I : 
'167,2 70.2 '. 

"~.5 
73..2 
75.0 

82' 

L 

" ~ t l  , e  

- :  . ?  



':.iTABLE L~II 

/ 

i: i'I 

12 

I '3 

.: ! "I 

! 

A,~2 

A-3 

' A ' 4  

i ' 5  

i .A~2,3,4 ? 

! 'i..3 ;4,5 

, :.&-2,3,~,5 

A,I;2.4,5 

19S8:Piezome%ricRise ~in:,Val~eiManif01d 
~A~ross~Discharglng .Valve 'Branches 

'(Dead"water.:in:manifold:downstream~from~branch) 

3,540 

7,000 

.! 10,425 

~I0, ~25 

~I 3~800 

I3,800 

!17,'.150 

20;370 

24~t.15 

:244~'5 

2~3 =:5 

237=5 

• 233,5 

, ~'i! N'E 
' I 

. ,k'3:li-~ 

,-iii -s :o  631 

' !  ! '  

[ i  • 

I 

' ~. eL20 

!1.57!i 

0.I0 

1.'2 

'I .2 

iJ3 

ii o4 

;5.G6 ;I " 

4 • ~0: 
~5.05~J 

: :233;51 ,~'1 J I 

!_ 

lIABLE 12 

..1938 ~Drop -,in.!Ener~ Grade :fin Dead :End-.of Meazifold af'.%or .lO0-Per, con_t LDi,vor.sion 

, I~ber  i ; ~ e a n  

~l~e$ disoharge 

. 

':z i sisoo i 

• :iS ~! ::IQ;"425 i 
'-i 

.I 

• :~4 ~; ;13~800 

f t .  

10.03 

:O,13 

0,49 

~h~n i fr.om ~ h ! ' ~K-loss = 
.. . ~! : . ~ ~ioni:loss '~ " 

r~zse ,~ ~ps.~r.eam i :!, ; a t .0 .025  i cols. 6 - 4 - 3 . 7  
£t. ,: ~piez. ! ' ft.! ft. 

:1.12: 
. ?_ 

5 - I - ~ ?  - " 

i,=3 1:0,1811 

I C?,~Ol O . . 3 2  0 ,  ?.l '~hv 

0 . 7 0  . 0 . 2 7  h v 

--., j 

!,ii:i.~: ~ ,~ ~ ~:: . i: 



)19S9 :,Pi~ot i;T~verse Da%~ iin ,V'A-t V~ive : 95-Peroen~ <Open 
= 

• ; L:L-ne .; A 
i ~ -------~ ~ [  I 

" , I ~,' ~ = ~ , ~ e ,  l~m~o~ i 
i :from i il " " ~~~ 
>!lef~i ~rrom ~ ;, minus i!from 
• ,~o ~:Wall ! ~s-'14 ,;and '. i'p~ess. ; ,,curare 

r l£2g, ,~u r ~ t c n e P  ~ :ft. ' ; ~  ift, pla%e ~2 
ItCt J.J. , ~ 

:iS .'.5.118~ i. 110,4.5 1028;9 75.~ 0.934 
12 13 1121.4 . ~ .:I025,z= 96 ;0  ' 0.~955 
~!iI i2C 1129>'3 ! ~i029.,~4 i 99 .9  0 , 9 6 S  
'~I0 • 27 ~'I120;2 "~I032.3.i ~87,9 ~0.968 

9:  3 ~  ~Ii128;2 ~ i032~9 : 195.3 0 ,972  
;8 -~i : 11124.7 ;i041.4 83.;3" 0 . 9 7 5  
. t e n .  ~1 ' -  

~line ~8 lZ122.5 " 1051.~6~ 70 . ,~9  0 . 9 7 8  ! 
:6 i~i041,5 ~ . " /9 ,9  i 0 . 9 7 b  .i 

• .15 ;!IOZ2;S " ~7g,.,~,5 0 .972  : 
4 :i 0 " ~ :~!10.30.0~ ,79.~8 ..0,968- 

, ; : S  i V6- i l i  6~4 ii :1014;.2 ! :~:2;2 .•0.963 
:2 i 83 / ! t 1 0 3 , 2  ? i025. :~  '~ 77.~8 0 ,955  
1 i!11o 6 ; !i02~,5! ;.80.~1 : .~0.938 

, tall 
| . 

;i 

: ~S~ i 

6 , 
:":.~en ~.: 

i llne ! 

i 9 ; 

10 . i 
i n ~ i  

i 

i ~Vel,. i 

i [per 
' Seo. i 

74 ,6 ;  
82 ;3  ~ 

,77;~71 
~80~5; 

;73,5 
72.6~ 
774.0~ 
75,8~ 
14;oi 
76,51 

.0 .... ~ 0 i 
-7 ' n  s.s i ,zs ' 111~.'z i 

:,20 ! llZ~.O 
17 
;4 

41 

i l .nSo, s 

i lz12s;.~ 
il 

:~s  !1 .11o8,7 
!55 1.1~14.;.5 

"69 Ii08.~7 

;8S , i 1109,:8 
89  ~ 1106.~4 
196 

Line!B 

i ~ 0 2 6 . 6 1  78=9 1 
" ' ~  " ) i 1 0 2 6 . 6 ,  "92,5 

~1026,51 

~I052,9 
.:;!0~0..;7! 

'!I' ;1053.~8 ~' 
1042, 5 
" 1034.~7 

• ~10S0.,6 
1025,4 
:I024,8 
~.i028,8 

LIO0.,5 
98 ,6  
9 .3 .o0 
6 3 . o .  i 

5~,9 
72 ;0  
92 .3  
VS,I 
. . . .  ! 

i 

: 0 . 8 4 2  ~..75., 6 
o . 9 s ~  , 8 o , , ~  ~ 

0 , 9 6 8  ~ ,82.~3! 
:0 i972  ; ' 9 1 
0.975 ; ".74-:9; 

O .  8 ' O '  ; 97 ~ '.6 ..,7. 

: Q * 9 7 2  ~ ' :78..2 
;0~9:68 i l  73 ,2 ;  
~:0 ;!863 :~Z,~6 ! 

; ' 0 , 9 5 5  77.._4; 
~7Z.4 .o.9.4z I . 

' ).N~,B. ,~.velocibies.~from-!.this table ,-are plo%~ed ,on.:pla~e :5, 

i 

R l  

Srue 
!pressure 
head 

• :l~c. 

~86,5 ij~I017,.8 
ii05,3 I~016.1 
IOZ.17 :!i021,6 
94~0 

;100;9 
87.5 

74.~0 
84. ;0 

• 8 2 ; 0  
.85.;2 
'88.,7 
,85;:11 
. ; 9 1 . 0  

I 0 2 6 . 2  
.&O2Y.. 3 
~I03Z=2 

1048.,5 
1037.4 
~I027.B 
iii024.6 . 
~i017,7 
1018 i I 
I011.6 

~ 8 ~ 9  "~i016.6 
"ii01,.2 ~IOIZ.9 
i13.8 ~I013.2 
~105.3 /1025.2 

9 B ~ 5  :~1027.4 
~8Z.~3 ~ ;~i036.4 

! 

75.8 ~ IOS8w7 
9Z,5 .;I029.5 
i83,,3~ ! "1025.4 
~95,;7 I !1018.;5 : ; ': 

- : ; 93 .2  : 1016 .6  

; L  
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TABLE :i~ 

19S9 Pitot ~Traverse ~Computation ~or ~V~A~ Valve 95-Percent ,Open 

' From ~raphic ~determination "of ~velues, at centr0id radii of ~I/§ ',areas. 

Distance 
~from~ 

iinches 

Area ~= ,19.97 ,~sq. ft. 
Mean .v~l. = ~7,~.~12 ~ft.per sec~. 
Q = 3 , 8 5 5 , c . ' £ . s . ,  

Valve ~ coefficient :of Rischarge 

~(~) ~Doesnotagree exactly v~th 
imPact~inus~h v 

C v = ,73.2% 

j 
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TABLE I'~ 

1939 ' Tower Dis charge 
for .Partial :0penin~s :in V-A~ Valve 

| 

V~,Ive V-A4 

• i 

20 . i0.~ 
~0 ~ 20,'.7 
-40 ': '37,9! 
~o i 49..~! 
'60 71.O 

,70 ~ 77.21 
~80 8 9 ~ ,  
'9088.'~ '~ 
9 5 9 ~ - , 6 !  

0 
' 1 ~ 0 6 0  
1~290 : 

:2 ,~65  
;2,:8~5:,  
: 3 , 3 7 5  i 
~,:,520 i 

'617 i. ' ,61.7 ' 0.008'. 0.01 
617 i :1,677 i" 0,,008 : 0 , 8 8 ! i  
~61,7 : 1 , 9 0 7  0 . 0 5 0 1 1 . : 3 2  
~6~7 ', 'z.4~2.~ o , 0 9 1  I ]..8,,6o~ 
.617 ! 
• 61,7 
'617 
. :61"7 

4i407' ',,0.~03 : 
~.,'$82 1 r '0.z-35 

0 ; 4 9 1 8 . 7 , x  10 : 
28 ,60 : !  ' 0,571"1,.09 x'  107 
3'6.'70 ' ,0. '73!1,.22 x I 0 7  
;~1:9,6o ~ 0.~25; z.,,.z = lo~ 
5 3 . 2 0  ~0..66! 1 . ~ 7 ; x  i0 ? 
60.:~0 0o67 II.57x 10 7 
:59.7o o.7~ i.'56 x 107 
6 ~ . z b  i o . 7 ~ z . ~ i =  10 v 

* 'This .amount estin~ted and added to ,readinKs %o allow :for drop:due %0 
exciter .unit~ ~P-A8. 

'TABLE :18 

19~9 Valve Coefficient of Discharge, C v, 
for iPar~ial .';Openin~,s -in:,V-A& Val~e 

Tol;~I :I 
~,ea~(:z) i! 

. fro , ' i  

,(1) 

~:(2) 

3 1 3 . B  i 0 .516 
! :38,'7 : ! ;  0~:619 3] :2;3  
: ,60~555'°6 :::,305.1 i i0J'656 
' ,70~0 i !299.0 ! 0~'710 

' :72;,6 ~ ~! :291,7 ',= 0,.~32 
. . . .  : - . .  + , .  , 

C o l . . 1 0  :Table:16 minus 820 f,~.: 

.See note - !6  T a b l e  :5~ 

% 

L t 

" , l l  ° 

, i ,  . h .~ ,~  - c ~ :  
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TABLE 19 

• . . .  . 

Compari:son of ::Pitot Ga~ing ~Data 1937-8-9 

.: . I t e m  

~I. Valve '95% .oBen 
:i2'e i.rRe S e r v o  ir elevation ;,i~. 
: '3.  iDischar~e measured at :valve " c , f , . s  

i <4. !Diverted ups tream to : exc~ ter: P-A8 : e ~ f, s: 
i [:5, Energy :los s ~to valve :manifold 

"/( es timated) ft. 
6.,..,Energy.: elevation : at manif61~, ft. " 
7.'Gross ;head at: manifold :above:valve 

: outlet : (Elev. ~820) ft. 
~8. Moasured~mean:energy elevation at 

impact ~ .of :pitot i tube :ft. 
9 .  ,:Velocityihead~from measured,::dis- 

charge,:'( 8 ;5-ft. :pipe) !ft. 
i0. ,~. Los t ~head from manifo ld -'to ~impa et 

-'O'f r,:pito £" ':tube :ft* 
ii .- ,_Loss, cocfficient:~X 'v~ :;from, manifold 

i 

:1937 
, , i i 

:V .AI  
:10SS.0: ii02.;3 ~ 
15185 :3395 
,.: ~0 !810 

o.6  ~o.~ i 
~I032;4:1101,3 

212'4 -281,'31 

, i  

::1939 

v - i l i  
~I157,~i ' 
3855 

617 

,;1000.3 

: 4 9 ~ 7  

-:32~1 

,0&'65! 
180;3 

: 0 , 7 7 0  

~ 0 . 7 9 5  

~C o m p a r i  s o n :  v~  f~h I n t e  rue  1 a t e  d ~:Val u e  s*  I :--, 
16, ~Discharge . c , f ' , s .  

i 17. ~Relati~e discharge if rein arrived 

18. ': Los % ,/head ', from :. me.ni foid , t o  ,i impac e 
, , - ~  : :o f  . p i t o t  <tube 

19. :Relative ;di s charge for values in 
:Z . 'line".18 ,:(square ~:roo% ,:law) 
!i I'20. :Coefficient :of !~loss, ~ manifold to impact i 
[:21. ~iValve ~:coefficient of !discharge ,from 
I iinterpolamt~d~values - " i ~':0;7, 

~- ~!22.  ! Wa~cer :itempe rat~ure ..... ' " ~ 
[ 23':Reynolds ,!Number • " :~x :::I I 

.73195 

~I,I 
i i156.0 

336.0 1 
;I065,4 IIi:i,7 2 

5 6 ; 2 i  : .7Z,6 ii 

3 7 , 9  - :44,3  :i 

- :0 ;875 : : 0 . 6 i .  
: 2 4 3 , 4  : 2 9 1 ; 7  i 
~ 0 , 7 0 6 ~  : /0 ;732  

'::Q,915 
~:0;8821 

3540* 

%,0 

3855 

~1 ; 0  : 

I o925 I lo 
I 

o :.o,  35: !I .:o,:vs2: i 
, ,+( 

~*See Table 1:20. 

r/ . / % .,~ 

i 
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'.~TABLE ~ 20 

Interpolation : f o r  ~;,1938 ~.Dis char~e 

- , : Head . . . .  i Computed ! 1 9 3 8  ~. 
'.' (~)-..pro- ' ~Me~sured ' - ~ L l u e ,  o f  ;Q: , i 

Method.:: of ii, nterpolatlon " ::al, ~to ' r~. .i1937 ..~1938 .!1939 1937! .!1939 ;iiMe~?, 

i , ¢ - ,  • I ̧  

e .  i~, W,o s t  • h e a d ' ~ , m ~ I f o l d ~ t ~  i 

:~lo,4j 
, ( ~ )  - • 

;Taken ~:i from ~ curve ~:Ofi 1957 readlngs, ~Tab le :~:5o 

~ M e a n r  0 f ~ V ~ A 1  ,~nd"~ ,V~A6 ~ m e r c u  ~ : m m n o m e t e r  ~: r e a d i e s ,  T a b l e  8 °  
f ~ 4  ~:(s) ' ,  ~ ( )  

, ' S i x  ' , v a l v e s  : , o p e n .  : ~ S e e  T a b l e  ;-:,21, , ~ s e c o n d i . p a r t .  

. . . . .  ~ i 

3 6 7 0  

"; Q o " 

@ . 

. .., - %./,.:~ . ~ . 
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'TABLE :21 

.~ 1958 ~:Rela%Ive ~Flows '. in'V-A1 :and:: Manlfold i 
for,Vari ous ~ Numb e rs . o f" VaLves ~ Open 

No. ~:6 open ~ ~2, .,, i :!13 ~ ,'~:4 i • ~5., 

L* '! Rel~%ive ~onersy~.head .. a% : ~ ~ ~0,97~ " " 
• . ( - . ....... ) i. :0~:943 ~ ...0.823 '~:V, AI from:curve ~: ":i;0~ 0,992 . 0 A 9 5 8  , 

~ 2. _~Rolative .veLocity zn ~, ~ : 
:"\'V'AI ' " . .~i.'00 0,996 '0;987. ~0;979 0.~972 ;0.961 ~ ' 

3 ,  L'ean ~"!d~ ' ~ : . .~ !. 
.valve ~ 
V~l.!i__ .I;00C 0~994 !0,995 :'0~'996 '.:0~997 0,998 ..:~! 

' °. • 

~.., Mean.:"discharge ~,.per ~ , i ': i 
.v~Ive!:.in i %ems.:of ~ . 
tgaE.ed:fl~w!In:.,'V'Al i l~O.i .0.988 :.0,.982 .0~974! 0&.9681 :0,959 

,. Mea~ d i s c h a r g e : p e  ~ ~i i 
• ~valve :c.f.,s.i . 3,50C 3;47~ 3;450 "3,.430 i .-3;398 ~ - i  

6. ~To%al~disch~rge.in ~ ' i : " 

~ .. msnif:old • c,f.s, i .'3,-840 7,00( 10,425 .!i~800: ~' " ' .~17,150~ '>20,~70 - 

7.:Diver.ted:~in':P-A8 c.£.s~ ~ ::810 .78( ,.675 ,~420 " '..'!.340~. " ~500 ! 
i: 8"CQ':in tower c.l.s. :4,350 7 , 7 8 (  Ii;I00 .i.14e220 ! i17~90! ~.20~670 ! 

:~ 1939 .:~Valve .Dis charge ~. (1938 ~:conditi~ns ) ! :.' 

1958. -: Measured i tower drOP "= 10.4:' ft. '[ (6..valves ..open ) • : i:: 
:1959 ~- ~ ~.easured '.. tower i:drop :~= ~O.453 i~. (V-A4 valve:open). 

"1939- - Tower LQ ~=:3~'855 ~, c;f,s. -measured :+' 617. c~f.;s, =. 

;1958 .... Tower. q. = 472 .. ='.::21,450 ;c;f. s. :'('6 x a t v e s  ~:open). i l : -' 

: (from:~1939 1 ; 

Diver,tedLim~.P,A8 '= ~300,-, c,f,.8, : :::. 

I 9 5 8  ...... i ~ n i f - o l ' d  Q: ( l i n e  ,. S ~ a b o ' ~ e  = , - : 2 0 ; 3 7 0  < c . : f .  s. S ~ , ~ a l w e s  ; - o p e n ) ;  ; ::,i 
;1938 -:Q~in:V.AI; from 1939;:~a~e =; 2.1,!50. x~:3~540.~= 3,670:i.c .~ .. ,i , " 

~20,370 
=..i.0381.% gre~ter-~th~n value-used, ~ .... . 

, . . . .  , . . . . . . .  = . , , ,, i ,, - 

. ,L~ L. 



.$ 

TABLE/22 

;1938Hydraulic Losses 
iBasedon~Interpola:%ed;1937-;39~Ratinge 

] ,Valves open ~ -  

1. ; I~ke elevation ft. 
2. Q in ;.25.ft. : mani- 

fold ~.L-,',. " te rms of 
~flow ~:in V~A1 : as 

: unit~. 
: 3. ~,Q:;:Im..::25-ft. mani- 

::f01d c ~f,s. : 
<4 ° Q : in  P-A8. ave r- 

age c .f. s,. 
::5 o Q in : tower ,::c • f .  s. 
,: 6 , .  Q -in ~owe r ! in 

~terms of,one valve 
~as unity 

~7. Valves open: during 
:tower to -P'~6 readings 

8. ~Ratio ire (T:) : o f  valves 
open 94% (Nos ,1 ,4 ,5 )  

±o IV.A ! :manometer read- 
/in~.s 

10. : ! ~ t i o  : o f  69 }) open 94% 
Ii. Q~in V, AI c,f.s. 
12. ::~t tower'~to~"P-A8 :Q ;in 

line 5, :30-ft. :pipe 
i I area =1:707 sq,ft. :!ft. 
Ji3, : ~:~P, A8 (to end 30-ft. 
i ~pipe, q ~in)line 3 ?ft. 
114. ~ ~(2~,~t. pipe ~re~ 

:!13.:x:=':491 s~i:f.t.::)_ ;i:q = :.li~.~e 
.~..~.::707)2 in line 

;3 ft. 
!5. h v~(8.48'ft, pipe area 

i = 5 6 ~  8q, f'C$) Q :in 
:V-~i, line :;II ft.: 

16.  hv ! : (8 ,0 - f t ,  ;piPe,area ! 
• 5 0 , 0  sg. :ft.~),= 
]line :15 x(56 ,5~2  ::f.t~ 

:: ~50;0" ! 

2 

iio2.4 

1.001 :&;98 

:3.540 17.000 

810 J 4,35£ ! :780! 7,780 

:i;00 :1.79 
1,2 

2j6 ~ :1,5 
1,6 

0 ;:I.00 
. . . .  o, 60 

/ ' 0  " - 

:3#540 i 3,525 

i • 0.59:. 1 .88  i 

0.39! :!1.52 

o8ili  ,i5 

6 1 . 0 :  I~ :60.5 

1 
7 8 i i .  " 77,°:4 

3 

1102.6 
{ 

675i 
ii,I00 

2.551 

!1.2,3 : 

0.33 i 

'4 

!Ii03,~ 

420 
14,220 

3.27 

1, ,5,57 

:0;75 i 

5 ~1 6 

>no3; 3 il i i  o3.5 

4.85:i! I I :5.76 

17,160 ~ 0,370 

340 i, 3OO. 
t7 ,490 .02670 

 .02  ..75 I 
, 2 ,3 ,  ;: ,2,3,4; 
4,5 4 ,5..6 

4 , 5 , 5  2,3~4. 
2 ,3 ,4  5 , 6  

0.$3 ~0.40~: 
3 ,495  3 ,~40 :  

3,84 :o,ou : 9.53 

3.38 5.B2 9.15 

i ~ , 0 1 ~ 1 2 , 2 7  / 

5 ~ , 5  (58 ,5  
- i  

" 0 . 5 0  

:13,30 ' 

12.90 : 

18 .97  !_~26.74 i 

! 57..7 ~ 56.4 

7 3 . 9 ~  7 2 , 2  i 
' i } 
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T.ABLE ':22 
-(.Continued) 

~Vaive • . 
,L 

7 i~z~ ' ~  ~;I • between tower :csxfd : 
i ~25-ft. ~ section ! ~ ! 

~(,llne i:.14 minus •12)f,t. 0422!~ ;i.&27i ~ 3.17 
::18. :Ah v :-bet,~een~'iP-A8 ~id ;! 

25-"St. ~section (~line ~" 
i~14 ~nus ~s) ~ft.! 0.~2~ ~''l~3i 3.sS 

i i !19./'~hv between :25-ft, if' i 
~"an~ : 8 . ~ 5 ' f t .  !p ipe  ~ '~' 

: sections (line 15 
minus ~:14) ft.i 60.2~i 57.3 52. B 

20. Ah v between : 8 . 5 - f t .  :, 
:and "8.'O~f,t. pipe ! 
sections ~(line ~16 il 
minus ~15) ft. IZ.!, 16,9! :16.6 

[Measure.d iiPiezometric ~.Drops ' ! 

I "| 

; 23. Drop from ::lake %0 i , 
.tower water ~sur- .. i i 
~face :by .tape fro ~ D.47 ~; i~551 3.05 

i24. ~F.rom~lake-%0 mean i 
:of  iP~l~and.~P-A6, ~ . 

: table/6,, ,'column'll ft,~ I-,90!. ~'3-l.'70! '~7.,20 
125, JFrom F P,A ~.Aiil -.to ~P. ,~6 :by : i ~ 

manometers ft. 0,22~ 0,66i 'I,12 
26. From~i; P~A6 ~V-AI i 

ma~if old ft.: 0~63:2~7~ .6,71 
~27. Total,drop :fromlake i : ~ 

%0 ~37,AI - manifold ~ i! 
. ~ i n e s  :24  ",+ ,~ i (25 ; ' 

2~ '64!  C 6 . . 7 8  1 3 , ' 4 7  
! .28 .  :.Tot~]'~drop from!lake i 

-,to V-AI manifold ; : 
Bourdon ~gages.• . i i 

i Tab!etg,-coI',8 : ~ft.i-4.01 i ~'I'I,,3 
29. ~Headlost 'fromilske ~ ' i. • i i 

~%o Dean 'impact :iin 
V.AI ~(center :impact i , 

i I., 5% 'above, mean 'on { 
:plate , ' ~ ) - =  ~line I .... ! I 
_820 .~+ ~:col..:4 i i 

,Xs ..~2) ! ! : ee ~also ~ine i 

Ini!e rpol a~ed. 

. .  . , ,  

m 

,'4 i 

i 

~5,971 

. 6 . 3 5  
i 
i 

,16.:3 
,! 

5,12 

ii~i:50 

' , 1 . 9 8  

S,2~ 

' i 

21,70 

' i  

21~5 

:51.0 
[ 

:5 't 6 

~9,~I [-.  13,44 . .  

3 8 . 7  

16,&2: 

' : 7 .59  

~i?...90 

2o:93" 

14,361 

33,73, 

32.5 i 

~i 3, B4 
: 1  

.29.7 

1 . 1 5 . 8  ; 

ii 

~50.:9; 

"10.40 

'24.-10" 

,3.98 

1 4 6 . 2 5  

. ~ .:i ,~ L~: i . ,~ i i i i i : !~ i i .~ ! !~ '~ .  : ~ .  
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TABLE :22 
~(Oontinued) 

,Valves open 

Piezom.etri c Drops J 

S0. From lake to tower Lf%. J :~0.4~ 
Sl. From i%owor to P'AI 

(lines 2~25- ft i i . -.__2S) ,: .~ i. ~ 2 
2 

~2. From :P '&I  :'b3 ;P-A6 • 
~by manometer f t .  i c0.22 

$3. ;From :P-A6 %o ,V.Al I 
• m a n i f o l d  ~ f t .  i 0.6~ 

34, -Fro~n:V-Al m~nlfold J 
-%o pitot : tube. i ra -  i 

I 
' !Pact  .=~ I ine  29 ! 

36,~ minus 127 ".ft. ; 
~5. :From :pito% impact ! 

ito atmosphere :ft. :2 . -3 :3  
36, TEIev. :cen%e~ line J 0 

of valve ft. Ii820~ 
37. :Total equals lake 

:elevation ,(sum : o f  I 
• :lines ::30 TtO 36,1nc~)f~;, ~I02k3 

Aocumulated~-Pi ezome tri-e . 

138. ~From~lake to eo~er ~f%" i 0.:47 
39. ~From ~lake 4;0 ~P-AI ft. 1'79 
40. ~From~l~ke "to I:P~A6 ft. I ;2,01 
41. !From !lake to TV-AI I 

" manifold .~t. i .  ,;64 
: 62..From,;l=ke ~o p~t .... ': . ,I • 
; iimpact .:f±. [ 

~ ~Energy/Los s ;by :Sections I 

z~4; !Reaction head in .in- ! 
~ .~e ~wor h(~u).. . i! 

i :R n ~is 't~ken.if~om;:Fig. .:: 
j ~ ::48~Bul.2~p~91 :/or & 

<i :i:prOto.t~pe!':Q ~!equal to ' 
~" : t o ~ e r  ,Q line :5 ~,above, i 
• "~Then ,these ~Rn '.s .are .sub- 
;~.,stituted. -in,Fig...49 for ' 

1 , 5 5  

ii,82 

:0~66 

33  ;2 
/ 

82040 

~1.55 
~ 3 . 3 7  
4.03 

6.78 

;39.98 

:~ :i 4 71.:; ~6 

p ) 

! :!3.08 5.,12 

• .. 3-59 ~ 5 ,39 ;8L85 

~:,~.i,.12 

~s.:'~zl 9 ,2 l i  

ii( 
I 32,7! :29,3: 
236 il il • 4 -232.4; 

I f 82o,:olj B2o,o:[ 

t 
!j 

:3~05!i ~5.12 
~6.~.6= ~ 10.51 
"Z&76 j ,12.~9 l 

:, = ; :21~;701 

'46,.&.7.'. , 51..00!: 

i 

} -i i 
;' 

14.36 

'17..;2 

232er~ 

820"0 

,ii03,3 

16,44., 

Z 

c 

~6 

/ .• 

;20.!15 

~12.8 1 

s 2 o , o !  

•ii03.5 

10.40 
22.~i 
26.091 

.59°05 

:] • 62 , ~ ~0"26 • ;:3,27} :5i04 ';Zi !i0,63 
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TABLE :22 
(Continued) 

, . . , , , 

,.Valves o'~en :; -4  , ' : . . : " 2  ..,i" 3 :5  ~: 

' 4 5 .  L o s s  from:lake %0 "".' :'' " : W' '' I l' 
• . . , '  ; .  , , . . . ~ ,  ~ - . ,  , , ~  , ; . . . . . . . .  

,tower ,= (.line ;2~ f~t~) ,0. =7 :i..55 3.05 ,5.12 ;I 7,59 I 10.40 : 
h " + t o w e r  " :~ ~ ~l ~-~I r " ~i " ; 
. d r o p  ~- ~b. V i.(.!line;~l&.:f%;) ~- ;0 ; :59 i ] , , -1~.88 ; - 5 ; 8 4  :i . , - 6 . 5 0  i ' : ~ 9 . ; 5 3  ii .-18.30. ; 

= l i n e s  ~4 '+ 
• 23 .... ~12 = ~line-i4~-£t. : 

'46. From ~%ower :%O 
:(line. 

= lines 39 
-- (45 1" + ~12).(line .12 2 i 

. . _ f%° 

147 • iProm ~, P-AI _to ;~P-A6 

me%r~c ,drop iline ,25 ft. 
48. : From ; P-ILl ~to W-A1 

-mani~6!d ~=-lines 
41--~40;:-- ;17 ft. 

4 9 .  FromW-41 ~m~nifold 
: %0. pitot :impact"= i 
i~li,ues z%2 - :141 ~+ ~4 ;ft. 

50. Total: ~lines ~45 :%o 
line 49 = ~line :=2, ft. 

~To%al : E n e r ~ ' ~ L o s s  , 

5 2 .  i Erom ~i c~ke ; to ~P-AI :=  
~iLnes :45 + : 4 6  ft.i 

5 3 .  From:~lake to ~:.P-A6 = 
"!lines: 52 :+ 47 :f~.! 

54. :From ::lake ~to V-A1 i 
;manifold = line :5,B 
+ ~48 :f%'i 

55. From~;lake %0 ~pito% 
: dmpac~ [~line i;54 +4:9 

= ~line ::50 

~ne z~y ~Lo s s..... C9.e ffici.en~. K ' 
~byJ-Sections : 

:K:= . ~:loss) -~; 

5 6 . . i P i e z o m e % r i c  :'dr op.:from 
i.::ioke :to -rtower:~t~%or 
surface _!imne i2~ . 

.12 ~'~ 
7 • !Energy ::los s £r .om !l~:e 

!to "%o~er ~line ,:.~5 

0 .69~1  , . 0 ,08  

o;22;! 0.66 

:0.~41 1,48 

: 57... 211 , : 36 .35  " 

: 5 9 ; 0 4  ! . 59 .88 .  

} 
! 

' i 

.!.1.;:20: 21,149 .-;: 
) 

:z. ,2i :2,l  

i;Io83 .3 . ,63 

:~59.,~D~ i 5 9 1 ; 9 8  

0 ~ 8 6 4  

'0.52 I D.35 ~ 1.25 1,08 

i 
1;112! 

::2 • 5 4  " 

39o:71 

46.:17 

; 2 , 8 0  

3 , 9 2  

' 6,,i&6 " 

~6 , .17~  

~0.794 ; 

0.646 
• : '"  i ¸ i 

I.,98 ;2,95! 

5 . 2 4  4 ~ 9 2  ! 

4 1 , 5 7 .  
; 

:51,00 ; :50.=95: 

6 ~ I 9  i 9 . . 8 4  ; 
2 

/ 

5 1 o 0 0 !  , :50 ,93  ~ 

. i  

0,8i.5 i0,'~797 

0,.613 } ~ 0 s 5 9 6  
} 

:'3 ,; 96 

6 , 7 2  ~ 

3 9 , 5 4  

.59 * 0 5  

:8.81:1 

ii 

19~ 51 

~ 5 9 . 0 5  ; 

• D . 5 8 1  
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~TAB LE ;22 

,.,-_ 

-Valves ~..( 

illne ~ 
i(' "2 

"59. ;From !P-AI ~o ~P-A6 

"12" 
60, From P-16 '-%0V-L~I".-: : 

m~nifol d = ~iline .~148 1 

-'61 • From".V-Al ?mlniTold %~ 

' ~pitot iimpact ~ "l~ne 

,"f:'Lb S ,," ' - y-: e c ~ o ~  

:"f" .'-- K .~  .L  

62. ~From lake %o ~-PoAI, 

0 .610  ~ 

L =~I0;5 diam.~= j 

line.59 : 0.0361j 
:.~0,5 

"64. : From~P~A8 :to ~V~AI 
: manifold, i'L :~=:22.8 
• diam. : ('sO-:Z.%.~) ,= 

',l.iz~e "99 
~22.8 i 

I , T---W', - 
~. :I ;:2 ':i l :;S ~ 

i;17~ ~Oi04S.: : ", ,0..08, 

0.~37) iO,SSli ;01291 

• I 

.0,601 ~ 0 .668  

! 

> 

16.087 _,+034~ 
/ i 

} 

i 

" :  ) 

i046 0i04~ 

6,5. From:P~A6~%o ~-4~ i : j 
manifold., ~L .~'=~.~10446 
~diam• ' (25 :!f~i) ~,,= i ~ 

:!line:~48 i 
10.46 .x !line ~i4 ~ , 

66. i F tom ~V-:AI -mm,nifoi:d : %6 

Interpol a%ed. 

.04.8~ 
C 

! : 

0.02?: ,o27! 

:5 

r ~:0,056 0.128 :I 
ir~ 

;0 k314 ':0.309 i ' / .  

! z  

..0.694 ~:i 1 

i " /'i 

oio~l !?o.'o29i o.osz 
i 

i 

{ " 

:0.024 ! ~,033 (O1024: , 

! 

B , - 

o.:o81 i i ,. ~!i 

"0.;:299 
?' 

i 

¢ 

~i%: •~:i . . 

i ; 

;O.,O284 

010285 

0,~023 

I I 
i 

0.035 :0.025,1:0,025 1 0 , 0 2 4  
. it 

~ 0..031 i0.028 i 0.,:031 

_ _ 

P 

.? 

- : - J ./ • " r 

:.. i. :• • .... • .... •,~:~:~,~ 

", '~'~ -: :' ~'::':"~:"'.::'":;~'~:.~-'(, .:L ..,~ .,'"~, :.;c7/:: 
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